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The matsrial centained in these papers was presented originally at Batte'le
Memorcial Institute on November 29, 1961, befors an invited group representing industrial
organizations curreatly or potentially interested in chemical vapor deposition as an

indu. “rial processing technique.

Sincc the information covercd is of generzi interest 2t the present time,. the
materiai nas been slightly reviss< and is being given further distributicn as 2 DMIC
report.
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THE PROMISE AND PROBLEMS OF CHEMICAL
VAPOZX DEPOSITION

Chemical vaper deposition is making a sigrificant impact an our <zdnomy at pres-
ent and premises to be of greater importance in the future. In thi: presentation, 1 shouid
Iike 10 compare chemical vapor deposition withk the better known kindred proccsses,
clectrodeposition and vacuum metallizing, and to indicate several arcas of current or
impending commercial use. We shall find problems and limiiations along the way,
limitaticns imposed in many cases by our lack of fundamental knowledge of the process.
fHowever. we shall find much promise in these areas and viiicrs which may appear to be
more "blue sky", but whick deserve cur coasideraticn.

Chemical vapor depositiva is onc of the techniques which cz2n apily . termed
"moleculzr forming', that is, building up of coatings, or massive deposits, by denasi-
ticn of molecuiar or atomic pariicles. in the casc cf elcctrudeposition, one of the
molecular-forming pr ~<es which has found wide commesxcial applicaticn, atems of
¢lements, or molecules ¢. compeunds, are deposited on a conducting surface by dis-
~harge of ions which arrive at the serface throagh a liquid medium.

Another of these molecalar-forming precesses is vacuum metallizing, a form of
physical ~-ipor deposition. This has also found wide commercial acceptance. Here, the
medium is a vacuum, 2nd the coatings are fermed by condensation of a vapor of atoms
or molccules of the coating material.

In chemical vapor deposition a solid product is formed, again in molecular or
2tomic steps. The rraction of a suitable vagor compound is made to occur on a heated
sarface. Pyrolytic carbon formed by thermal decompesition of hydrocarbons is an
cxampie. In some cascs, the product forms as a Ysnow! from the vapor phase, for exam-

ole in the preparation of TiG, pigment by the oxidation of TiCly. The chemical reactiss
used is one i which ail of the components of the system except the desired solid product
are volatile at the processing tempezrature. Tablc 1 gives examples of reactions used to
appiy ceramic coatings.

Molecular-forming processcs have in common the potential of yiclding dease
deposits of controlled thickness and orientation. Each has its advantages and limita-
tions. However, when these are analyzed {sce Tabizs 2}, chemical vanor deposition
comes out quite w=1ll by ccmparison, A large body of art and some sciencc have bern
accumnulated in the past 5U years,

Chemical vapor deposition is capable ot yielding the greatest varisty of products at
rates of deposition eguivalent to cr excecding those of clectrodeposition and vacuum
metallizing. It has the greatest throwing power of the three techniques. In view of this,
one is compellcd to ask the guestion, "Why then is the process not muck: more widely
used 2%

The fzci that the substrate must usuaily be heated is a relalive disadvantage. liow-
cver, this is no longer a limitation in many cases of curzent and fulure inierest where
the substrate will be used at kighk temperatures.

*clescaces 2ic listed 2t whe end of cachi sactim,
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TYPICAL CHEMICAL VAPOR-DEPOSITION
REACTIONS FOR CERAMIC COATINGS

1T

BeOisi + 2HCHg)

BeCl,(g) + CO,{g} + H,(g) = BeO(sj + 2HCify} + COlg)

Mgl,(g) + H,0(g) = MgC(s} + ZHI(g)

ZrCly(g) + 26,0(g) = ZrO,(s) + 4HCMg)

2YCl3(g) + 53H,0(g) = Y>0,{s) + 6HClz)
2CrOCl,(a) + H,0{g) + pig) = Cr;03(s} + 4HClg)
CH,lg) = C(s) + ZH,(g)

CoHz(a) = 2C(s) + Halg)

The relatively higher cost of the fecd compounds fas bean a facior in the past in
discouraging the usc of chemical vapor deposition. However, the cost of thess mate-
rizls has dropoed. as technigques for their production in increasing guantity have been
deveioped.

The cost of {204 materizls and the fact that the substrate must be heated will
always piace some limit on this tcchnique and make the use of the oither molecuiar-
{orming pracesses more practical or economical in many cases. On the ather hand,
there are arcas in which additional rexcarch and development wiil make chemical vapor
depoiiion compstitive. Finaliy, thire 1s an increasing demand for zoatings and products
that zan bo shwxined anly by chemical vapor depusitivz,  Our ability 1o appiy this tech-
niGue w1l mosi certanly mevcase with the development of fundaments! nfnrmation,

Let us considar some &f the zurrant and anticipated uscs, to determine whers the
problems lic and what Rzaefitz may be derived from the development of additicnzl fonda-

mental infosnation threzyh rascarch.

iligh- Purity Metal Production

The praduction of Righ-purity metals is an arca in which chemical vaper deposition
has been very cffective, 2ithough with limited commercial impact until recently. Now
all of ihe lugh-purity silicen going nto semiconductor dovices is prepared by this proc-
ess. Tkz effectivencess of the process stems from our ability to puriiy casily the vola-
tile feed materials uscd. The phasc change from the gaseons to the solid state during
deposition is in itscif a gurification step. In the vasec of high-purity chromium, for
exampie, products with only a few parts pur miilinn of residual impuritics can be
ohtaincd.
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Van Arlel and de Boer(2) in their work with the iodide process, used a hot fila-
ment 25 a deposition surface for titanium, zirconium, and otlicr metals. This has the
eficct of avoiding contact of the product with the conta:ner. Atltention to the mechanism
of growth on the {filament and the crystai morphology can yicld a product in the form
of a dense bar which, in the case of metals, can be directly workasd. However, there
1< lim:ted :aterest in controlling the form of the deposit to perinit direct working, be-
causs other shapes are usually desired, often as aliays obtained by melting. {Inciden-
tally, many alloys can be formed by codeposition from mixed feed vapors.}

sioge imporiani is the probitm of mass and heat traasfer. It ic Sfficait to get
ciificient conversion of the feed material with the 3¥mited surface zrea provided by a
filament bundte. A fluidized bed of seed pariicles can be used to provide the large area
required for efficient mass transfer. As discusscd in the final paper, there is much to
be icarned regarding mass and keat transfer in bothk L£lament bundles and fluigized beds,

It is belicved that the production of columbium by the hydroger reduction of colum-

bium pentachloride in a fluidized bed of sced particles will be the first significant com
merczial applicaticn of this type.

Coatiag of Particles

Chemical vapor derosition in 2 fluidized or otherwise agitated bed of nuclear fuel
varticles is effective in providinz *hem with fission-product retentive coatings or reac-
tion barriers. Typical coatings are showsn in Figuzes 1 and 2. Intarest in this field is
steadily increasing, and the use of coated fuel particles is already pianned for the cores
of several nuclezr reactors.

Here, efficient mass transfer is again a factor, but the crystzl morphology is also
of prime importance. For fission-product retention, a fulily dense caating is desirabie,
How is this attainable? Among othes factors influencing the cuality of the coating, there
is evidence that the effect of particle-to-particle collision on the nucleation and growth
of the coating is peneficial.

This cffect of mechanical impingement has bcen observed a: Sattelle and in other
Iaboraiorics doing fluidized-bed coating work. Deposits of columbivm on thermocouple
=cils partially exposed ts garticle boinbardment ars rough and zrossly crvstalline in the
uncxposecd area, whereas the area subjected to bombardment is nalished and microcrys-
tallinc. Scveral possivle explanations can be devised. Because of its importance in
fluidized-bed coating, the mechanism should be identified.

Molecuiar Eicctronics

Cnc of the most significant applications of chemical vapor deposition is in the feld
of molecular clectronics which promises even further redaction in size of our clectrenic
“plack boxes™. Here, cpitaxially grown semiconductors and resistive, conductive, and
insulating films are of interest. Here also, the mechanism of crystal nucleation and
growth is of naramount importance.
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' FIGURE 1. 123-211C, COATED WITH PYROLYTIC CARBON

N39016

FIGURE 2, 125-p U0, COATED WITH TUNGSTEN
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Questions ~uch as the tollowing arise: To what extent does migration of surface-
adsuri ed specics occur before incorporation of tiic product atoms into the structure ?
What arc the migrating species - atoms of the fu.al product, or intermediates in the

{2

e -all depos:it.on reaction? What “s the role of substrate surface con

knowledge in these arcas will certainly be of value in stumulating progress, .

Refractory Mectal Coatings

Chemicel vapor deposition is unique’y apglicable 16 the formation of coatings of
the refracieory metals: colaumblum, molybdenum, tantalum, end tungsten. These cannot
Se electrudeposited from: aqueous solution, and the very high temperaiures required
for their vaporization makes the wse of vacuum metallizing unattractive. Tungsten
cwatings vbtained by hydrogen reduction of tungsten hexafluor:dde vapor at temperatures
ot fr.m 100 to 600 C have shown cunsiderabie promise as liners for rocket nozzles
2nd sumilar applications. (3,1) However, wo-kers have receatiy become dissachanted
with the approach in one instance because stresses set up by dizicsontial uontraciion of
the tungsten and the substirate on cooling from depositivn temperai.re have mvariably
resulted in rupture of the coating.

In this case, as in many others involving vapor-deposited cozlings, she sirass
necessary to rupture the coatings is 2 fracticn of the normael teasile strength of the par-
ficuzar materizl involved. This is explained by the fact that most coatings of this type
show grain growth radizlly irom 2+ surface, with varying degrees of “f{it" between
grains. At some stress below the yield strength of the material, a pscudo-brittle
fracture occurs by scparation butween weakly bondzd grains. Altheugh it remains to be
preoven, rejocticn of impurities t¢ the surface of adjacent grzins during growth may be
2 factor in poor intergranwlarc strength,

v

A full understanding of the mechanisms of ¢rystal nucleation and growth and the
mechanism of impuritly deposition is of obvious importance if this situation is ever tn
be altered.

Corrosion-Resistani Coatings

Another applicaticn of chemicai vapor depesiticn of growing imnportance is the

coating of refractory metals und other maicrials for uxid=tion or corrosion resistance. -

Chromizing, aluminizing, and siliconizing have all given uscix? diffusion coatings.

These coatings arc frequently applicd by « pack-cemzntation process of the type
discussed in the fifth paper. Here, the article lo be csated is packed in powder of the
coating matevial plus an ammonium halide. for exomple, 20 form volatile halides of thc
ccaiing mmaterial, Although thesc coatings are basically protective, failure by localized
defccts has limited their utility., This is an cven greater problem with vapor-deposited
“overixy™ coatings where little or no interdiffusion with the substrate occurs. Here. we
must rcly dpon continuity of the coating, and ali that this cntails ia terms of inte: granular ‘
"fit" and intergranuiar strength. Further, the adherince of overlay coatings aften is
poeor since a diffusion bond is not formed.

]




7 .
Again, we nced a full understanding of the crystal nucleatior and growth involved.

The long-term payoff will be our ability to tailor these processes to yield a more desir-
able preduct.

Pyrolytic Carkon

.

Pyrelyiic carben is by definition the product of chemical vapor deposition. Its
anisotropy with respect to thermal conductivity has excited the imagination of those
designing nose cones, rocket nozzies, and leading edges, Here is a material — appar-
ently made to order — with low thermal conductivity perpendicular to the surtace and
high thermal conductivity parallel to the surface. Unfortunately, pyreolytic carben is
also anisotropic with respect to thermal expansion. This leads to internal stress as the
article is cooled dclow the temperature of deposition and delamination can occur, We
have not enccuntered probiems with delamination in coating spheroidal nuclear fuel
pariicles with pyroiytic carbon, such as those in Figure !. However, it is a distinct
problem with irregular shapes.

Because ¢f widespread interest in pyrolytic carbon and intensive support, much
werk of 2 fundamental rature has been done on this process. However, there is still
much to learn.

In some cases, carbon deposition occurs where it is not desired. This is very
troubiesome in preparing .netai coatings by thermal decomposition of metzi-organic
compounds. A better understanding of the mechanism cf carbon codeposition should
help in the elimination of this aafficuity.

v

Refractory Carbides

Another useful aspect cf chemical vapor-deposition preocesses is the ability to
control what goes on in tke solid phase by proper attention to the thermodynamic acti-
vity of components of the vapor phase. This principie has been used &t Battelie to
facilitate the coating of graphite tubes with carbides of colurabium, tant:ium, and
zirconium, {5} It was possible to apply uniform roFtings to the inside wall of tubes
having izngth-to-bore-diameter ratios of up to 45C.

Now, the carbides themscives can be obtained by conventional chemizcal vapor-
deposition precedures, such as (1) depdsition of a mcetal to be later int -"ffused with
the carbon, or (2} simzltancousiy facding 2 meial compound and a hydrocarbon. How-
sver; ii these were applied to tube coating, nonuniform dcposition would resuit, with
the coating being thicker at the vapor entrance enc of the tude,

The principle of the improved method can he unders by referencs to Figure 3.
TLis examplc shows the effect of pressurs &t 2 given temperature on the thermal decem-
position of a cclumbinm pentakalide vapor. At low pressures, the vate of collision ot
CbX3z molcculcs with the surface is insufficient to sffsat evaporation of the metal, and
2 net loss of "chewing" occurs. As the pressure is raised, a null point is reached,
followed by a region in which a deposit of coiumbium builds up on the heated surtace. It
or:ly the reaction CbXz(g) —Cb(s) + 5X{g) were involved, increase of the halide prrssure




Deposition Efficiency

- Cb(s)—Cbl(g)

CbX {g)—Cbls)+5X(q)
Deposition

Chewing

CbX ,(a)
CbX,(g)

CbX 4 (g)+Cb(s)—

Log Halide Pressure

FIGURE 3. EFFECT OF HALIDE PRESSURE ON DEPOSITION EFFICIENCY
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would asymptotically decrease the fraction of the halide decomposed to zero, However,
if, as in this case, lower valent gaseous halides are stable, a second null point is
rcached, and cacwing reactions such as

275 CbXg5ly) + 3/5 Ch{s) — CbX(g)

or
3/5 CbXs(g) + 2/5 Cb(s) — CbX3(g)

occur as the pressuvce is increased further. We have termed this null point a "“limiting
pressure fo:r mctzl deposition", The same situation holds for reaction of carbon with the
halide to form columbiwn carbide, except that the limiting pressurc for carbide depo-
sition is higher. In fact, it can be shown thermodynamically for the simplest case that,
if the equilibrium vapor phase contains only one lower valent halide and monatomic
halogen, the limiting pressures for metal and caxbide deposition are related by the

equation:
pMC -:‘FMC
log = »
PMm (n-1) 2,303 RT
where
Pyi; = Limiting pressurc jor carbide formation
Pu = Limiting pressure for metal formation
AFpc = Free ervergy of {formation of the carbide MC
T = Temperature, K
R =.Gas constant
n = Number of haluogen alums per atom of mectal in the lower

halide.

Practically, one determines the limiting pr«ssure experimentally to give data of
the type shown in Figure 4, and then operatcs in & pressure-temperature range where
only the metal carbide can form, If the temperature is appropriately chosen, and the
vapor-flow rate is sufficiently high, the rate of carbide formation can then be con-
trolled, not by the vapor-phase mass-transport mechinisms involved in many chemical
vapor-deposition processes, but by the rate of diffusion of carbon through thc carbide
coating. This resultc in a uniform coating, such as shown in Figure 5, along the entire

length of the tube,

As an alternative to the pressure control described here, hydrogen reduction ot
the halide can be carried out at atmospheric pressure, and the thermodynamic activity
of columbium in the vapor phuase can be adjusted by the hydrogen /hydrogen=halide ratio
in the feed vapor,

Further knowledge of the vaprr species involved would greatly incrcase the appli-
cability of this principle.
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FIGURE 4. RANGE OF CbC FORMATION IN REACTICN CbCl; + C = CbC + 5/2 Cl,



N41i6?

0-3iL CbC COATING ON ATJI GRAPHITE

Other Potential Applications

So much for ths applications of chemical vaper deposition whick: arce or soon will
be commercial realities. Consider briefiy the arcas of future promise.

One cf the intriguing applicaticns is in the formation of composite materials.
Thesc can be formed as a dispersed sccond phase codeposited in a matrix, or by con-
solidation of powders of one material coated with another. In Figure 6 are compared
a cermet made by pressurs boanding mixed rmetal and ceramic powders a2ad one pre-
pared Irom the same ceramic particles . metal-coated by choinical vapur deposition in
a fluidized bed of the particles.

in dircctly forming 2 massive two-phasea drpoz™ it should bs zossible, for many
combinations of materials , toc codeposit the secos = phase in a muzn: finer dispersion
than 15 obiiincd by normal ceramic techniques. For cxamgple, the alumina coatings we
have prepared by hydrolysis of aluminurn chloride vapor at 1000 C 2ppear to be com-
posed of microcrystalline a-alumina iz a giassy matrix. They have the hardness ané

-~

density of sapphire. Figure 7 shows aluminz: coated particles of this type.

And now let us sonsider & somewhat morce bluc-sky™ example. What could be
done if we really knew all there is to know about ¢rystal nucleation and growth in chermi-
cal vapor dopasition? I am convinced thet we could devise methods of controlling grain
oricntaticn and size in such a way as to vapor form tungsten dircectiy into large shapes
having grain structure 2nd properties simnilar 20 those of wrought tungsten.
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FIGURE 7. 125-u UOZ PARTICLES COATED WITH 45 g OF x-ALUMINA

Summary
Iz summary, let ine bricfly review the arcas in which fundamental rescaszck
would be of valuc.
{17 Mechanisms of crystal nuclcation
{2} Mcchanisms of grain growth
{2} icchanisms of Lpurily deposition
{42} The cffect of mechanical impingement &'.ving depasition

{5} Mecchanism of carben {or oxygen) contamination in melal-ocganic
or carbonyl decomposition

{6} Mass and heat transfer in syscems of varieus configuration.

These arc the areas in which fundamental rescarch wiil 1cad to the solution cof
preseni probicms and to new and profitable applications of chemical vapor Zoposition.
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THE GROWTH OF CRYSTALLINE FILMS AND
LAYERS BY CREMICAL YVAPOR DEPOSITION

by

2

E. M. Sherwood and R. C. Himes

Introduction

Man has iong been fascinzated by matter in the crystalline siate but only in recent
decades has he begun to understand something of the true nature cf the laws and forces
governing its formation. &= early crystallographer described crystalline form =5 “the
c¢xternal manifestation of internal order®. The discovery of X-rays and the deveivp-
ment cf X-ray diffraction techuique provided further convincing evidence 2f this internal
crder. Modern atomic aad colid-state physics, together with the toois «i spectroscopy,
eizctron and neutron diffraction, clectron microscopy, and special physicai- and
mechanical-property measuremesnts, have added further impetus to the rapid growth of
the body of knowledge concerning crystzllinre matter. While adeguate means of
evalvating the characteristics cf crystalline materials thus are well known, less is
known about such fundainental phenomena as the nucleation and growth of these still
iascinating siructures. -

It is the purposs of this presentstion first to describe briefly the roic played by
chemical vapor depousition in preparing high-purity materiai in a well-oxdered state.
Next, I shall present some illustrations of work ir this field. Then = discussion will
oe given which, it is hoped, will indicate the polential of ciiemical vapor depacition as

begins and how it may be controlled. Finally, I skall suggest goals in this area which
may be reached as a result of new knowiedge deveizded when we know more avout the
fundamental aspects of chemical vapor depusition processes.

Bulk Deposits d

The ordered nature of massive mstal laid down by chemical vapor deposition is
manifest in the very name applicd to svch deposits fermed on hot wires, i. «., fcrystal
bar”, Figarc I shows a short scction of 2 3/4-inch-diameter titanium crystal has that
exhibits large grain structure. These deposits often are laid down at temperatures
sufficiently elevated to permit the growth of large crystaiz whick mzay cover the whole
cross section of the bar. In F:gure Z, a portion of 2 1/4-inch-diamecter titanium
-rystal bar, formed at a temparature very close to the meiting point, is shown, en the
exizrnal surface 6f which oniy three major grain boundarizs appear.

One metallographic technique often used to deveiop inforn:ation regarding the
crientation and crystalline prrfection of individual grains in = crystaliine material is
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FIGURE 1. SECTION OF 3/1-INCH-DIAMETER TITANIUM CRYSTAL BAR

FIGURE 2. SECTION COF 1/3-INCH-DIAMETER TITANIUM CKYSTAL BAR
DEPOSITED AT A TEMPERATURE NEAR THE MELTIRG POINT

|
N84810

FIGURE 3. GROWVTH STRUCTURE ON CRYSTAL BAR OF FiGURE 1
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S tiiat of deep etching to form what are called ctch pits. Chemical vapor-deposition
techniques have been used in several ways to provide similar information. For example,
etch pits have been formed on germaniam single crystals by attack with iodine vapor.
Inversely, the growth habits of metal crysials formed by chemical vapou- deposition can

M be studied. Fgure 3 shows a portion ¢f oz grain of the crystzl bar of Figure 1 at
higher magnification 2nd indicates a growth habit that is quite different from those of
its neighbors. The study of such structures should be particularly rewarding.

ilnder some conditions, crystals with several woll-developed {aces may result,
as is illustrated by the iodide chromium deposit of Figure 4. Such metal contains less
than 10 ppm f any single metaliic impurity. On ciosc iaspection, growth steps can be
disceraned on two of the faces of the crystal shown in Figure 4. We shall have more to
say abcut these later. The growth habit of rapidly deposited GaAs is stown in Figure 5.
Ancther chromium crystal is seen in Figure 6. Herce the growth steps are quite well
= developed. Let us new look at such 2 crystal at a higher magnification (Figure 7j in
which the ordered natere of the growth pattern is even more apparent.

Figures 7 alse illustrates how crystials can be used to study the m:-*- ¢ deforma-
tion of high-purity metals when subjested 1o «xternal forces. Striations which runin 2
different direction than d¢ the growth steps can be “iiscerncd. These are slip iines
whici: were developed when this chromium crystal was subjected to compressive forces.
The final illusiration in this series. Figure 8, is an clectron micrograph of a deformed
shromium crystal depicting both growth steps and slip lines. Of further interest are
the numerous small nodules ¢verywhere prasent on the surface shown in Figure 3.
Their truae nature is net koo=n although it is postulated that they could be minute oxide
crystals. The growth features illustrated above all are of a "macro™ nature. A discus-

sion of zivinic-scaie growth steps is presented in the third paper of this scries.

For somc materials, many small cryctals form which grow morce or less
independently, thus yiciding a loosely knit body of pocr mechanical strength. An
example of this is thorium crystal bar, 2 cross scction of which is shown in Figure 9.

While we know in & gencral way some of the r~>sons wiay these massive deposi
form as they do, we do not know Low to control or to modify them to any greal exten
It is hoped that future fundamentai rescarch will supply much of this missing information
and, hence, cnable us to provide now forms of these 2nd other materials potentially

useful in, as yet unspecified,; industrial appiicaiions.

Thin-Film Deposits and Epitaxial Growth

In recent vears, workers in the ficld of clectronics teghnslegy have devoted much
eifcrt toward miniaturization of devices and components. An important concept thus
deveicped is that of multilayer selid-state circuits. Is such circuits, thin fiims of
apprepriate materials are successively depssited one over the other throagh special
masks te form a composite struclure ceontaining resistors, inductors, capacitors, in-
sulators, heaters, and lhc conducters required te properly connect ihesc components,
Figure 10 illustrates schematically onc of & numier of ways in which a multiiayer,

R o e e _‘” © e e g v v e
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N84809 50X N8459
FIGURE 4. IODIDE CHROMIUM FIGURE 5. GROWTH HABIT OF RAPIDLY
CRYSTAL SHOWING WELL- DEPOSITED GALLIUM ARSENIDE

DEVELOPED FACES

Nee534 800X N8i535
FIGURE 6. LIGHT MICROGRAFH FIGURE 7. LiCHT MICRCGRAPH SHOWING
OF (111} FACE OF A STRAINED SURFACE OF (111} TACE OF A MECHANI-
IODIDE-CHROMIUM CRYSTAL CALLY STRAINED IODIDE CHROMIUM
SHOWING GROWTH STEPS CRYSTAL
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15.000X N81536 N3124%

FIGURE 8. ELECTRCNM MICROULRAPH

. FIGURE 9. CROS5 SECTION OF 3/16-
. OF (11!} FACE OF A STRAINED iODIDE INCH-DIAMETER THORIUM CRYSTAL

CHROMIUM CRYSTAL BAR

Positive Formvar Replica Shadowed with
Piatinum 2t Arc Tar 3,

FIGURE 10. SEQUENCE OF OPERATIONS: MGLTILAYER THIN-FILM CIRCUIT
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thin-film electroaic circuit may be constructed. The circuit exampie shown in

Figure 10 contains only passive components. In practice, active components, suck as -
transistors and photosensors, would be included. Such active components also can be
fabricated by chemical vapo:-~deposition techniques. (2} same of the chaiimging

proulems we have encountered in this area will be mentioned later. -

The term 'thin®, used in this discussion, refers to films ranging ir thickness
from 167 ¢m {or 10 angstroms, 2 distance equal to about twice the interatomic dis-
tance in most solidsj) to 1072 ¢m (0.004 inch).

While 2 number of the desired thin-filmm materials can be deposited by vacuum
evaporation (actually, the process should be described as condensation of evaparated
atoms on a substrate), other materials can be handled best by chemical vapor
deposition.

Becfcre discussing the application of chemical vapor deposition o the growth of
thi.. films, consideration must b given to an important and sometimes uncontrollable
factor which must be taken into account in thin-film technology. This facter invelves
the structure of the substrate on which the film is laid down and how it influences the

structure of ine deposited fiim.

Many years ago, it was obscrved that thin gold films deposited on <ingle crystals
of reck salt were likewise single crystals; 2150, polycrystalline nims were formed on
solycrystailine substrates. Naturally, a name had to be invented for this phenomenon,
since scicntists are obsessed by 2 desire 2o carefully name any observable effect even
though they do not understand it very well. Thus arose the term epitaxy(3}, waick .
refers, not to an exotic means of transportation, but rather to an arrangement of
deposited awons on a substrate. Epitaxial growth comes abhout as a result of an atomic
interaction between tne substrate and the deposit which, under suitable conditions, can
eéxere: & directive infiuence on the naturce ==nd orientation of the depusit. However,
nzither the crystal structurec nor the lattice constant of the deposit and the substrate
nced be the same. Rather, epitaxy is determined by the relations between (1} the
geometry of the atomic arrangement in the exposed face of the substrate and (2} that of
i::2 atums in the apprcpriate face of the depositing material

At present, niost of our knowledge about crystalline thin films is based on
observations made on fiims iormed by condensatios. {3} The eariicst obscrvable stage
of grewth is the formsativn of discrete nuclei when the total amaunt of the deposit, if
uniformly distributed over the deposition surface, is as yet insufiicient to form a
monatoreic layer. No direct evidence is available to cxplain how this imtial nuclcation
nczurs., Better experimental technique is needed to discovar the details of this prec-
ess. Nuzlei as small as 10 A in diameter, probabi- consisting of about 50 atoms, can
be observed by clectron microscopy. After such stationary nuclei are formed on the
substrate surface, direct evidence indicates that the lattice spacing is that of the de-
posited material in Sulk, not that of the substr2ic. However, the slate of strain existing
at the deposit-substrate interface is unknown and may exert an important influence on
the chzracter of the deposit.




Recent work with the field-emission micrasccpc‘-s) }.as permitted continuous
observation of the adsorption, migration, and agg-egation of silver on tungsten and
moiybdenun:, as well as the adscrntion and desurption of residual gaves, Nucicadion
was observed to occur much more readily on areas of a tungsten single crystal con-
tzining rmany steps and kink sites, thar on relatively smooth crystal planes. Ewven at
200 K, the condensed silver atoms are highly mobile in prefersed crystalline
directions,

For a suifficiently large number of nuclei, further deposition gives rise to growth
by {1} direct deposition on existing nuclei, (2) an interchange of atoms between neigh-
bering nuclei in which large nuclei grow ai the expense of small ones, and (3) physical
growing together of n=ighboring denasits. In zases for which growth of nuclei normal
to the substrate is favored, quite large isolated crystallites can result as we av> seen
in the cases of some indide metals illustrated previcusiy.

The practical applicaticas of thin films generally make use of propesiies which
are structure sensitive. Thzrefore, careful centrel of the structure is mandzatory.

A study of nucleation under various conditions of depozition and on substrates of
differing nature (amerphous, crystailine. ztomicaily rough er smooth) is ezscntisl to an
understanding of the physical properties of films.

It scems probabic from sccumulating evidence that the structure of very ihin
deposited films depends 2o a Iargs sxtent on the mobility of the deposited particles. {6)

In the -ase of very ciean substrates, such mobility is ia turn controlled by potential
barricrs duc to the atomic structure of the substrate surface.

Perhaps the carliest example of the formaticn of epitaxial deposits utilizing the
mcthods of chemical vapor deposition was the work reported by Korefl?} in 1922, He
showed that the diameter of a singic-coystal tungsten wire, made by the Pintsch
iemperatere-gradient process, could be increascd several times by heating it xt 2
suitably high temperature in a2 hydrogen/tungsten hexachloride atmosphere. Not oaly
was the finished deposii 2 single crystal, but 2!so the initial cross-sectional shape of
the wire was maintained,

In the past 2 years, as 2 resuit of considerabl: pressure to pruduce solid-state
devices largely for military apgplication, high-auaiity i, taxially growu films and mas-
sive deposits have been made using chemical vapor decosition,

Eiforts in this zre2 have been concerncd primariiy with: the epitaxial growth(8} of
crystais of the Group IV clements, germanium and silicon. As a result, in the cas> of
thesce two clements at lc- <, rcasonably adequats nnderstanding of some aspects of the
over-all process has been obtained. Application has been reported of boili the closed-
cycle van Arkcijd= Boer technique, with jodinc as the carrier in a disproportionation
reaction, and witn the continuous-flow precess, in which cither an inort gas sweeps
volatilized halide compound past the deposition surface, or in which hydroge=n,

cmployed in a halide-reduction reaction, serves 22 the carrier. 122 ¢ 33} For thesc

reactions, specics presceat in the vapor have been identificd, and the chemical eguilibria
affccting the deposition process have been studied. Sume understanding has been o5~
tained of the dependence of crystzl-grewth ate aad of the character ot the crystalline




depusit on varviebtes such as relative and total concentrations of vapor species, tem-
peratures and temperature gradients, growth direction (i, e, , crystalline oricntation),
substrate type, and substrate or seed-crystal condition, )

Neoeds in this arca ioclude better control of thicknees and uniformity of deposits
as well as of the degree of crystalline perfection, In addition, we should know more
sbout substrate preparation and pre-treeatment and control of electronically active,
de'iberately introduced impurities ("doping' agents),

A study of epitaxial deposits formed in lahoratory investigations carried out at
B.ttelle indicates the presence of controlling factors whose exact role is not

understood,

FFor illustration, consider the following examples, Figure 1] is a photomicro-
graph of a GaAs depoeit on a mechanically polished GaAs substrate, The deposit is
shuwn at an early stage, illusirating identically oriented crystal plates grown from
scattered nuclei. The apparent scratche~ an the substrate were not obscrved before
the depasiiion was performed but were developed in the course of the depousition. Com-
nare this with Figure 12 which shows the geometry of a deposit laid down under exactly
similar conditions on a caemically etched GaAs substrate. Here islands of substrate

protrude through the overgrowth

Those of you familiar with the lII-V semiconductors are aware of the interesting
Jdiffercnces between the (111) and (111) faces of these zinc blende structures. Differ-
ences in the chemistry of thecz faces and in crystal growth in the two directions are
manifest in the nature of deposits on the two faces, Figure 13 shows the rough, highly
crient.d growth obtained on the face terminating in gallium. In contrast, Figure 14
shows the smooth, lavered, monolithic growth obtained under similar conditions on the
arsenic face, ‘T'he opportuaity to investigate these phenomena and the chemical in-
fluence = of the substrate surfaces upon the various steps in the growth process makes
this a4 very attractive area for rescarch,

The influence of impurities on epitaxial deposits is another area in which unrelated
observations suggest unesxplaincd phenomena and possibly profound relationships. Im-
purities bave becn seen to exert directive influences on morphology of deposits, For
cxample, the shape of vapor-grown ZnS crystals can be grcatly altered by additions such
as copper, Stabilization of the cubic phase at high temperatures by impurities has also
been reported. In semicornductors, of coursc, itnpurilies are of paramount importance.
A few studies have been made in which particular attention has bcen paid to the trans-
port of impurities irom source materials to deposit, In some cxperiments, propor-
tionate transport was observed. In othcrs, p-type deposits were grown from n-type
source material., These observations, though not neceesarily contradictory, do point
to the need for further investigation. It is significant that problems in all of these areas
can be related to the mechanisms of nucleation and crystal growth, which are them-
selves yet to be fully understood,

In regard to epitaxial growth of cryatals of elements (uther than germanium and
silicon) anJ of compounds, the state of the art is far less advanced. Somc cxploratory
work hes been done with potentially important binary cormpounds such as GaAs and GaP.
using halogen tranapart mimilac to that discussed above, The precise chemical rcac-
tions occurring have not been detormined with certainty and, consequantly, adequate
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FIGUUTRE 11, GALLIUM ARSENIDE FIGURE 12, GALLIUM ARSENIDE
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wlerstanding of the chemical equilibria, necessary for control of the processes, has
rot vet beea developed.  In the case of compounds, the over-all crystal growlh process
ts obviously more comvplex than that for clements. More specier are presenl in the
vapor systeny, and analysis and controi of vapor equilibria and vapor transport will be
more difficult, The crystal formation sicp also is more complex since it involves the
ircorpurdation of two iypes of atome into the crystal lattice, The cffect of crystalline
uvrientiation on growth rate and product quality likewise may be more pronounced because
of pclarity cffects,

‘The mechanism of epitaxial growth of crystals of metallic elements by chemical
vapor deposition. which appears to have received litlle attention to date, may be unique.
Chemical bondiag in the solid is difterent (i. e, , it is metallic) than that in the classes
of materials discussed so far. Also, the rate of migration of atoms on the crystal
surface will be difterent and may proceed by a different mechanism,

it is important to note that in vacuum evaporation, conditions at the substrate may

¢ far from those of equilibrium, particularly when the substrate is not heated
avpreciably, For chemical vapor deposition, in which the substrate musu. Lc heated,
vonditions much more nearly approaching those of equiiibrium can prevail, with the
result that single-crystal deposits, grown epitaxially by chemical vapor deposition,
often resemble those of high perfection grown from the melt by allowing material to
solidify on a sced crystal which is slowly withdrawn as fraczing takes place. Vacuum-

-aperated, single-crystal epitaxial deposits, on the other hand, may contain a greater
number of dislocations than do melt-grown single crystals,

Another advantageous featurc of the chemical vapor-deposition process is its
active chemical nature, which in some cases permits cleanup of substrate surface im-
purities, such as oxides, prior to deposition,

Finally, chemical vapor-deposition processing potentially affords a much easier
controlled introduction of duping agents than do other methods of deposition, Full
understanding and utilization of this aspect cf the process should permit future workers
to achieve the extreme miniaturization and reliability which is the objective of the truly
idvanced concept of molecu'ar elcctronic building blocks which can periorm whonle
circuit functions,

Because of the demands of solid-state-device tcol: .~logy for immediately useful
components, there has been 2ven less opportunity for a fundamental study of the nuclea-
tion and growth of epitaxial deposits formed by chemical v2zor deposition than for that
accorded to vacuum evaporated deposits. As has been pointed out, our knowledge in
this field leaves much to the imagination. Therefore, a research area with many at-
tractive possibilities remains to be explored.

General Conclusions and Goals

It is believed that a more complete understanding of the fundamental parameters
governing chemical vapor-depcsxuon processes would permlt reliable prediction of the
nature of dcposits which can be formed under sufficiently well-controlled conditions,
Further, it should e possiblc rot only to control these reactions but also to modify the



character of vapor-grown deposits without having to accept "what comes natu: z2lly®.,
Such undesirable results as the tormaticn of inassive deposits whick consist of long
columnar g.—ans arown normai 1o 2 deposition surface and which therefore exhibit low
serength in o dircection parailcl to the deposition surface may be avuided.

day investigations dealing with pyroivtic carben are in progress which are aimed at
fl.xenc'ng a2 growth habit of this type so as to secure improved heat-transfer charac-

eristics for important end uses.

Even

I shall now suognst gome speciific goals in the areas undcr discussion which way

be reached if a better understanding of chemical vapor deposition processes car
developed.

i1
47

Preparation of large single crysials of various useful materials
having selected oricntation and containing 2 minimum of dislocztion

Formation of massive 2zposits oi polycrystalline metals, allovs,
intermetallic compounds, and refractory compounds of metats in
a fully consoiidated form and in useful shapes

Preparation of substantially disiscation-irce epitaxial thin films and
Iayers, of centrelled composition and dimensions, for usc in thin-
{ifs: and molccuiar eciectronic applications

Dcvciopment of now ¢ivaiz2lline forms of matier for use as protactive
coatings or 23 rmate réa!s of construction in environments which ne
currently available materials wili tolerate.

» ha
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THE SCIENCE COF WHISKER GROWTH

by

E. E_ ilnderwaad and 3, F. Powell

Smail, elcngated crystais, of metals, nonmetals, or compounds, are called
whiskers., Whiskers have bren known for severai ceaturics, but moadeon interest in
them stems from zbout the last decade. (1} Their potentially great strengths, ap-
proaching the theoretical limit, offer the greatest inducement to commercial exploita-
tion. Intercst in their mogmstic azd semiconductor properties also runs high. In the
oreceding section, mention was madz of c:ystals essentially two or three dimensional
in nature., I would like to talk 2bout the one-dimzensional aspects of crystal growth
{specifically whiskers), and mostly about recent developments based on dislocation
theory. Dislecations, 2s you know, are merely the result of atomic deviatioas from
pexfzctl periodicity of the crystal lattice,

Whiskers can be characicrized to some extent in terms of their physical prop-
ertics. They occur in a variety of sizes and shapes, nsomally haviag Sicmetcrsof 1 to
50 microns, and lengths of vp to several centimet=srs. The essentia! feature is, of
course, that one dimensica is large ccmpered with the others. In one reported case(z},
irun whiskars were obtained that were cver 80 mm: lcag and 1 ts 2 mm in diameter,
Wkisker cross sections arc »<uzlly polygonal, with low index planes defining the faces,
They occur oiten as singis crystals witl: the 1ong axis paraliel to a promineat crystal
directien,

Whizkers do not appear to grow at a uniform rate. Normally, therz is a delay,
or induction period, then a period of rapid growth, foilowed by an adrupt cessation of

cbservable grov:th(”. Whiskers may be grown under controlled zonditions, the mast
frequently used mcilhods being:

(1) Growia from ¢ soiig{i}

(2) Condensation of 2 supers«iurated -:apor(s)
{3} Precipitation from soluticn(6}

{3} Reduction of a mctal hakidet?),

It is in this Jaller method of producing whiskers that we have the greztast interest here.
Howcver, from the theorctical standpoint, whisker growth by the ether three mcthods
has boen treated most extensively.

Tabic | prescnts 2 partial list of metallic whiskers grown from their halides by
hyérogen reductiont®.  These results s arrived at cxperimentaily, represent conditicns
that favor whisker growth. For cxample, copper whiskers up to 30 mun long zoulé be
grown irzin cuprous chloride at temperatures Letween 430 and §30 £, The best results
were obtained at §30 €. aecxr the middle of this temperature range. In other regions
of the system, the growth of threc-dinicnsionai particles or two-dimensional ayers may
Lo {avored, instead of whiskers. The factors important to onc-dimensional whisker
growth xre as yet Iargely unknown.




METALS GROWN FROM THEIR HALIDES
BY HYDROGEN REDUCTION

Temperature  Maximum
Halide Range, C Lezngth, mm
Cull 230-850 59
CuBr

Cul

700-500

730-76C

The mechanism of whisker formatien may be considezed from the standpoint
of classical nuclzation and growth theory. {9} Consider a supersaturated vapor at a high

temperatire impinging on a crvstailine region at 2 lower temperaturs, The situation
may be represented scnematically as shown in Figure 1. This figure shows the suz-
face of a rerfect crystal at low temperature with a step in the surface and a "kink™of

the type miarked A. These kinks pizy 2a impestaat part by acling as exchange sites in
the positioning of new 2toms in order to complelc a row laver.

As the temperatuse is raised, the vibrations of the atoms will become progres-
sively stronger, wand some atoms will be able to overcome the energy that hinds them
to the crystal, This coadition is pertrayed on the right-hand side of Figure 1, where
we s3t « "rough" suriace. Thermal viksations have produced a high population of
states labelled B, €, and D,

Two processes will occur simultancously: some atoms will leave the crystal, but
others will arrive at the crystal from the vapor. An cquilibrium siaie is reached when
the r2tzs of these iwo processes are cqual. Growth of the crystal wiil be the resuls of
thrac siages: {32, & transpert of atoms from the vaper o the adsorbes lnyes;

sccond, the diffusion of adsorbed atums toward the sieps; and third, the diffusion of
adsarbed atems along the edge of the steps toward a kink.




a. At Jow temperature b, At higker temperaiure
FIGURE )}, CILYSTAL SURFACES

Calculations by Burton, Cabrera, and Frank{10} chow that ator.s aifiuse con-
siderable distances bzfore evaporating or sticking. Thus i2 follows that the rate of
growth need not depend on the direct arrival of atoms tc any particular place on a
crystal surface -~ such a5 a kink. Rather, growth can take place bv atoms arriving
indircctly 2t the kink by way of surface migraticn. This point assumes additional sig-
nificance when consicering the growth of whiskers, and will be mentioned later,

Due to the accretion of the atoms, thercfore, 2 straight step will advance, and at
a ralc proporiionii 1o the supersataration ratio. When the step, or sieps, on the crys-
tal surfzce have travellcd to the edge of the crystai, the steps will disappear. Further
arowth will then be possible only if new steps can b formed,

Gibosi11) first pointed out that = new layer would 2ave to be nucleated for growth
to continuc. Thus for a perfect crystal, the factor that limits the rate cf groxth iy the
difficuity of starting new layers; which is a nucleation probiem, The Sgure orn the left-
hand side of Figure 2 represents a two-dimensicazl nuclens. For a given degree of
supersaturation, there is a critical radius of ihe nucleus, such that for smalier radii,
the nuclei will tend to evaporate and for larger radii, the nuclei will grow. The prob-
ability that a nucleus of critical sizc will form is very sensitive to supsrsziuration,

According lo thc ¥zizssical” thoory, two-dimensiona) nucleation shounid 2 im-
possible at low supersaturations, Morcover, d critical supcrsaturation of 25 to 30
per cent would be recded for an appreciable rate of formation of nuclei. Yet growth
occurs readily under conditiony of Iow cupersatusations. In facet, the observed growth
behavior is just that which would be expested if nucleztion of island monolayars did not
occur, but steps were always present on the surface.,

F. C. Frank{id selved the prob’2- of how a surfice can remain stepped no
matter how far the step advances. He predicted that the growing crystal is net gerfect,
bt contains dislocations similar to that depicted at the right-hand side of Figure 2.
Here a screw dislocation mests die surface of the crystal at right angles. As atoms
arc adsorbed on the surface and diifuse la the step, the slep advances orn sort of a spiral
curve. The surface of the crys:al becomes 2 helicoid {or spiral ramp} and the step can
adviace indsfiniteiy. Thusz, the crystal can grow to any size withcut the nuclecation of
ncw layers.




FIGURE 2, CRYSTAL SURFACES WITH A MONOLAYER NUCLEUS
AND A SCKREW DISLOCATION NUCLEUS

The theoretical predictions by Frank were briliiantly confirmed by subscguent
experimental findings. Onc suck (:::ample“3, is shown in Figure 3. We sce the surface A
of a SiC crystal with a growth spira! emanating from » screw disiocation. Thke step
ncignts are 165 A ir t2:is particular ease of two-dimensionai growth,

, ITae one-<imensionul growth that characicrizes a whisker is portrayed schemati-

caliyt i4) in Figure 4. The screw dislocation ariginally preseat oa the surface is seen
in the cutdway vicw. while the tip of the whisker still retains 2n emergent screw dis-
location after growth has occurred.

iz some cascs a screw dislocation is not readily available at the substrate surface.
A mechanism{13} whereby one can be generated is show:: in Figure 5. An impurity atom
on the surfacc is engulied by 2 growing layer, Under the conditions enccuntered in this
scquence of events, a sarew dislocation can be formas?,

The success of Frank's screw-dislocation theory of crysiz! growth premupied
scveral theoretical 2ttempts to expiain the %rowth of mctal whiskers. Theorics were
offcred by Pcachl16} . F rank( 13_ . Esbclby“ ), Franks{19) y and Amclinckx{<C) . to name
x few. It has been remasked{®i) that all these theosies require:

A dislocation maceting the surface with a componcent of its Burgers
vecter normal to the surface

{n

(2} =~ dislocaiion mechanism for generating vacancies 2t the base of .
nie whiskers
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{3} A 4riving forcc for this transport mechanism

1)

A sink for the vacancies that ar¢ generated.




FIGURE 3. HEXAGONAL SPIRAL ON 5:7 CRYSTAL WITE A STEP
HEIGHT OF 165 A
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FIGURE 4. FORMATION OF A PERFECT CRYSTAL WIISKER
ON A SUBSTRATE FROM THE VAPCR




FIGURF .. CAPTURE O A FOREIGN PARTICLE BY A GROWING CRYSTAL
RESULTING IN FORMATION OF A SCREW DISLOCATION
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Other than these four points of similarity, the dislocation theories differ with regard to
the detzils. Figure 7 emphasizes one of the unresolved questions — that is, whether
whiskers really grow from their base or their tip. It can be seen that cxperimentai
evidence has been vbtained for both growth from the basel44) and from the ¢ip 23),

Peach's theory, for example, postulates growth from the tip of the whisker.
Figurt % shows the disloczation mechanism suggested by Peachf{i6). The twe vertical

)
H

ines represent screw dislocations emerging at the surface at A and A’. Vacancies
d.fiuse down the dislocation lines, wiich is equivalent to 2 mavament of atoms up the
cislucation lines. The atoms emerging at the surface cause the surface steps to wind in
spirais, leading to the formation of whiskers.

Another important 2islocation mechznism is one that zostulztes the growth of
whiskers at the base. Examples of these theories are those by Frank( 17) or ‘-‘s}-elby( 18),
The essential features of a mechanism for growth from the base are described ancd il-
lusirated in Eshelby's paper. A small hump on the surface Lecomes oxidized, resulting
in a negative surface tension which tends to pull out a whisker. A dislocuztion source is
situated on a planc beneath the hump ané gives out dislocaticn loops whit® 3lize to the
surface. Each locp adds 2 single atomic iayer to the length of the whkisker, causing it
to grow from the basc.

Other dislocation theories of whisker growth have been adwvanced. However, they
deal mainly with whiskers grown dircctly from the solid substrate, without pa.rzxupat:(m
by other phases. Of more dxrect intersst in this presentation are those whiskers grown

¥ chemical vapor deposition Ik thix case, we can proceed by analogy with the theory
devclooed for whiskers formed from tneir vapor. This appreach kas been adopted by
Brenner, and Scars, among others,

Sears{ZY studicd the growth mechanism of mercury whiskers by condensation of
mercury vapor on 2 glass surface. The actual rate of growth was about 5000 times
greater than thc calculated growth rate. The calcuiated growth rate was based on the
hypothesis that only mercury atoms striking the advancing whicker tip contridbute o
axial growth. The discrepancy between the measured and calcutated growth rates
demonstrates that mercury =tcms striking elsewrere are contributing to axial growth,

& calcalaticn of the surface nucleation rate requirec to 2ccount for the observed
growth rate also reveais a striking discrepancy when rompared with thz measured
ﬂuclcation rate. In termes of e sx.pc.saturauon ratic, the calcuiated ratio was about
:9%% and the measured ratio about 103. This result strongly suggests that the axial
growth mechanism does not involve nucleation of new layers.

Since the axial growth rate cannot de accounied Zor oy homogencous two-
dimensional nucleztion, it is postulated that a permanent growrta s’ep is oxposcd in the
advancing step. This is cquivalent to the statement that the whisk:r contains an axdal
screw dislocation. Since two-dimensional nucleaticn sannot occur on the whisxer faces,
and sinze 2tomic irpingement an the whisker tip is inadequate, Szars postulates cnvihier
mechanisn: for rapid axial growth. Mercury atoms impinge or the sides 2f the whiskers,
are *"s'wh*.., and migraic o the advancing end, where they are incorperazed iata the
crysial lattice.
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a, Grcecwth From the Base

CuO

Il

L. Growth From the Tip

FIGURE 7. MECHANISM FOR GROWTH OF WIISKERS




The growth rates of whiskers forn:ed by reduction of metal halides shoun!d zlso be
explicakls by approprizate modification of the shove mechanism. Hewever, there is stili
Soine question about the details. in particular, two -iechanisms were advanced to ex-
plain the growth of copper whiskers obtained by the hydrogen reduction of cuprous isdide.

Brenmer'™s postulatced that the roduction of cuprose iodide o rnnrwr arcurred in the

!
vagor phasc, forming a supersaturated copper vapor. Searst23! feii insiced ilei Luprues
iodide acted merely as the carrier species in the vapor phase, 2nd ihat the reduction of
cuprous isdide by hydrcgen occurred only at the growth step on the tip of a whisker with

az axiai screw disiccation.

Brenner's point of iew was invalidated by Morelock ané Sears{25), who found
experimentaily that the vapor phase is not highly supersaturated in copper vapor. They
conciuded thet reducticn must occur heterogeneously at the tip, which is equivalent to
the assumption that reduction occurs at the step of an axial screw dislocation.

In this brief review, 1o attempt has besn made to touch on otiner interesting asgects
of whiskers, fur cxuamplc, their etrexgth s..aoert:es\z‘) Bather, we have tried to
summmarizc the current status of experiment and theory dealing witk the nucleation and
growth precesses of metallic whiskers, and some of the factors centroiling these
prucesses,

It is believed that only Sy a careful quantitative experimaental study of the
important facters governing whisker growth, in simple systcns and urder reproducibie
cenditions . car further clarification of this problem be achieved. it has bcen demon-
strated thai whiskers can be growu funder empiricaiiy developed rvies), and that some

of these whiskers have a:!racuv ¢ properties. It is not un-easonable o expect even
greater uscs for whiskers that 2ve more perfect. longer, and mera s22ble in ordinary
civironmeats. Such propertics may be attzined more rspidly. the better our scicntific
undorstanding of whisker growti.
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THE SCIEXCE OF METAL-ORGARIC DECOMPOSITION

by

E. B. Hall and A. Lev

Introduction

Iz the preceding secticns, consideration has Lezen given to questions of chemical
vapor deposition as they relate 20 the deposited materizl, such as its nature; its form,
and characteristics. Let us now counsider onc of the severai available cherniczl systems
from which vapor dcposition may be accomplished, namely, metzl-orzanic decomposition.

Mectal-Organics =s Plating Gases

craral ¢ ypcs of mciil-urganic compaunds have been used for the deposition of
metals and are = warired below.

Mectal-Bearing Compound Typical Examnle
(1) Alkyls ANTH3ls
(2) Aryls Mg{C¢Hsi2
{3) Arzlkyis Si(C,H5) 3(Ceils)
{1} Tartonyl Fe{CO)5
{5} Acetylaccetonates Co{CH;COCHTCCH3),
{6) Cyclopentadienyls Cr{CsHs)2
{7 Arenes Cr{Cg¢By)o

It should be poiated out that, for the purpose of this discussion, we are using a broad
definition of the term, metzl-organic, as have many anthars. We inciude the acetyl-
acctonates where the mztal i3 bonded to the organic group through oxygen atoms. Also
included are the silanes, although silicon is not a true metzl, Becauss of the diverse
types of compounds available, metal-organic decomposition is an extremely versatile
toot of chemizal vapor depesition. The varioue cimi. snds avaiiable zover a wide rarg

~f veolatility, stability, toxicity; and case of preparcatica. For example. if the toxicity oi
the carbonyls is a serious objection for a given application, an alkyl might be used. If
the mctal to bhe deposited does not form an alky?, the cyclopentadienyl may de avaiiabie.
Whatsver the application, a suitabls metal-organic compound can generaily be selected.

In addition to deposition of metals, it is aften desired to depesit cxides. Work has
Lo reporied !} on the voiatile alkoxides of titanium. zirconium, hafnium, and other
mestals which yicld the metal oxide on pyrolysis. A coaling of $i0O; deposited on a scmi-
conductor surfacc {rom ethyi-tricthoxy silane has been ceported. 2} Silicon dioxide and
beryllium oxide have also been deposited from ethyl-orthosilicnie and beryHium basic
acetate, raspectively.

In addition to the flexibility of their applicatina, metal-organic cumpouads ofier
the advantage that, in general, they can be vaporized and deceamposed ai relatively low
iemporatures. Thus, the wvaporizer, connecting lines, and deposition surfacs can he
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perated 2t a lewer iemperature than when other types of deposition systems are used.
This is particularly important u: those cases where 2 metallic cozting is to be applied to

2 substrate which is itself unstable at high temperature. In these cases, metal deposi-
tion can be acconplished from seme of the varbonyls near ambient teraperature.

Cn the oiiier b.anc a severe iimitation of the more gbxu.:’a.; use of mewel = °.‘.A’ZiC$
is the codepo.«,xnovx of impurnies, principzlly carbou. The common obscrvation has
been that, while metal is éeposited througk a primary reaction, degradation of the

: cis through sccondary reactions results in contamination of the metal with
h impurities c2n be very detrimental as, for example, in the case of the
sregaration of thin films for scmiconguctor or superconductor applications where smali

mounis of impurities can change the clectrical propertics drastically. It is clear that

»

03

this problem must be solved in order to make full use of this versatile methcd. The
soviution of the problem lies in the proper understanding of the bazic mechanism by wirick
tha carben is deposited By le2rning the nature of such side reacticns, it becomes pos-
sible 12 devise means of preventing them.

Literatare

In surveying the recent literature, one finds work divided roughly invo two catege-
rizs. The first is the appiied area in which the purpose is to develop a gas platiang
rocess. Suiiabls operating conditions for producing a good denasit are determined
cmpirically. In the second arex, other workers have studied the kirnatics and mechanism
of the cccomposition of varicus nicial-organic compounds. Evaluation of any metal de-
posited was generally net included in the investigation. In a fundamental study, these

co zpproaches musi be combined. The kinetics and mechanism of both the primary
metai-producing reacticn and the secondary reactions oi the organic producis must be
dctermined and corrclated with the cbserved nature of the metal produced.

‘\J

In the 2rea of applicd work, there is & groat amount of literature on €eposition
from metal alkyls, pa:siicularly of aluminum. {3} Considerable art hies also been devel-
oped in e preparation of metzl powders 2nd metal coxiings by carbonyl decomposition.
Irorn, nickci, cobalt, and moiybdenum powders and coatings have Leen prepared in this
way for usc iz the preparation of rosistors, porcus clectrodes, other clectrical and clec-
trozic appiications, and other nrore genoral uses, Thin films of cobali auc robalt-iron
2lloys Lhzve been r:parcd( } 55 y dcposition from the acetyl-acetonates. Work at Batteiic
in the applied ficid has xncumed chromium coating i nuclear fizel particles from chro-
miuzm dicumene; BeO coating of uranium oxide pariicics irem the scelyiaccionaie and the
basic acctaie; molybdenum coating of low-allov stecel for corrosion resistince, iron
applicd to the inside of small bore stainiess steel tubing in a nuclear-reactor application,
and nickel coating of prrcelain insulators, all fraim the corresponding carbonyl; platinum
irom the carbonyl chloride; and copper deposited on gizss frum the acetylacetenate {or
cleetrical conductivity.

Much work on the kinctics and mechanism of the decomposition of metal alkyis has
been reportcd. ':5‘9} 1:: the great number of cascs, the rate-determining step was found
Io be the Broaiing of 2 saron-metal bend with the formation of a free aikyi radizal. The
{rce radizals then recact further to yicid saiuzaied hydrocxrbens as the orincipal gascous
products. There are cases, however, in whick the metal hydride and an coicfis,
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COrroan -

errespondig tv the alkyl group, arc produced on pyroiysis.
plained by 2 molccular rearrangement mechanism than by frce- radical formazion,
fable 1 gives a tew cases lustraling both types of reactivn. The first four exhibit frea-
radical formatiun whale the last six are examples of a moiecular mechznism in which the

Lsod SN-TPRNN ) 1o 3 Py
This resall i3 boelier ex~-

TABLE i. DECOMPOSITION OF METAL ALKY

l“
"4

- Temperature, Preoposcd

Compeand C Deposit Mechanismiz?

RKeiference

Germanium tetrastiyl 420-450 Ge+ ? -~ 10
Silicon tetractayl 560-600 -- FR 11
Siiicen tetramethyi 650-720 Si+ C -- i

Tin teiramethyi 430-493 S+ C FR + MR 13
Aluminem triethyl 250 ~ MR 8
Sodiuin cthyl id2 NaH MR 53
Magnesium disthyl 175 AMgH, MR 15
Beryllivm di-t-butyl 210 Beii, MR 16
Aluminum tri-i-butyl 150 No n-ztal MR 17

Alwninum tri-i-butyl 250 Al MR i7

(3) FR ~ Free Radical; MR - Malecely Acamaogeoment

products arc metal hydride and an olefin. In somce cases, the metal hydride produced
can be decompos=2 at higher tempacatures io metal and hydrogen. For example,
aluminum tri-isebutyl at 150 C decompsoses to di-1sobutyl aivminum aydride and
isabutylene, while at 250 C, the prosiucts are aluminum metal, isobutylene, and hydro-
gen. {9 r may be scen in Table 1 that those rcactions where free radicais have been
postulated were carricd cut at distinctly igher temperatures than those shewing molec-
vlar rearrangement. it may be that = free-radical mechanism world become impsrtant
ai higher temperatures for the iatter group as well. A mode of molecular rearrange-
ment which explains the formation ot meial hydride and clefin during pyrolysis is shew=
velow:

Prangced Mechanisms for Maotal Alkyl Decomposition

I "Eydrogen- Resanince-Bridge-Machoaism- . Wiberg and Daver




Free-Radical Mechanism

MR = MR, _,; ¥R

1~ 2

MR.._i=M+in- 1} R

The simple free-radical process ic also shown. It wili be scen later
disvuss:on that similar mechamsms are pestulaied for the decomposition of

rganosilanes.

While 2 considerabic aciwsunt o work has heen done on the kinstics and mechanism
of ths primary decomposition process, very little kas been done to clucidate the second-
ary processes which lcad to carbon codeposition. It 3s essential that a fuii understanding
of such side reactions be obtzined so that incans of preventing them can be devised. As
an cxample, in the pyrolysis of mercury dimcthyl(ls), an oily film of unsaturated hydro-
carbons was owszrved to deposit togethers »ith droplets of mercury »n the walls of the
reaction vessel. When hydrogen was added to the mercury dimethyl befare pyrolysis,
the rate of reaction was accelerated, a2né no cily film was deposited wiit (e raercury
We maay postulate tiat the hydrogen reacts with the methyl radiczls so that they are re-
moved from the rexction more cficctively than in the absence of hydrogen. In like
manne:, there may be many other means of munimizing or climinating cedeposition of
carton or carbun-centaining compounds if the mnechanism of the sscondary proacsses
were accurately known.

An interesting extensien of metal alkyl decomposition has been recentiy rcportcd\”)
on the formation of Iead teliuride filinz by deposition from mixtures of tetracthyl lead
aad hydrogen telluride. Films of lead teliuride were formed in sisichiometric zmoeunts
at 2 temperatare at which the tetracthnyi lcad is normally stabie.

Another recent modification is the usc of =n clectron beam to decompose seme
metal a!kyis.(lc'j A system i35 cvacuated then back-filled to about 0.3 micron with an
organemeciallic. The substrate to be plated is sprayed with clectrons which produce a
metal film on the sehstrate. Presumably, these films are produced with the substrate
2t & lower temperatare than that required for thermal decomposition.

In the wurk discussed previously, the source materiais invoived have beean mare or
less unstable compounds wihicn can be decomnnscd {o. reduzed) with selative casc to
vicid the desired deposit.  In the casc of many orzganometallic comnounds, the decompo-
sitien productiz may be themselves fairly coiaplex organic molecuies of differing degrees
of swabiiity. Such products must be remeved from the deposition site te prevent con-
tarmnation. A study of the factors «fferting the stabitity of organic molecules thus can
de just 25 =zcful in providing pertinent fundamiental xnowledge as is a study of their in-
stabil:ty. Faor the purposcs of illustration, a description will be giver of work carried
out un an Air Yorzz spocsored research progran:, ia order to indicate some of the
technigues which could be cmployed in 2n exploration of thz kinstics and mechanism of
sccondary rizctions leading to the contaminaiion of deposits with carbon,

4 X L5 4 v.S° v ¥ 4 O w
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Factecrs That Make for a Stable Oroaznic Moiccnle

For 2 molecule to be stable, the rate of decomposition must be low. Expressed in
terms of sirnple reaction winetics, the rate constant is given by

P
_(°_=-
RT

where A is the frequency factor and AE is the activation eaergy. In general, for an
organic :nolecule to exhibit geod thermal stability, it will possess all or some of the
following:

k= A

Low k (low A and high AE)
Stroug T - < bonds
Resonant bonds
Multipic bonds
{5) No hydrogen bending or strong hydrogen boading.

With the above criteria in mird, lct us consider the results of a2 study of the decom-
position of tetraphenylsilane axd its fally hydrogeaated derivative, tetracyclohexylsilane,

The kinctic measurements are made by the scaled-vial technique. Decompositions
in this program are carricd out in the gas phase at nressures between !/2 and 1 atmos-
pnere. With this procedure, weighed quantities ot sumuie (powder iorm) aye sealed
under vacuum and then placed in the furnace for various neriods of time. The pyroiize
sample is then attached to the vacuum line and the volatiie nroducts are transferred,
separated, and quantitativeiy analyzed by standard fracticnal condensation technigues.
These analyses are accomplished with the 2ié of infrared and inass spectrometric
analyses to initially 1dentily the raricus species. The less volatile components of the
reactions, auunely, those which cannst be distilled out under vacuum at room temgpara-
ture, arc then anaiyzed by clevatcé-temper2ivre gas chrematographic teckuiyues and
infrared analyziz. Using such precedures, one is able to obtain the rate of formation of
the principal products of deLomposition, the 2licct rate of de=zcocmizusition of the starting
materiai, and also the inluence of secondary or competing reacstisnz as a function of the
extent of reactivn.

DJecomgposition of Tetraphanylsilane

The primary volatiic reaction products of the thermal decomposition of tetraphenyl-
=ilanz arc benzene, smaller amounts of methane and kydrogen, and traces of cthane.
kese praducts are formed by a first-crder process. Less volatile pradscts are: tri-
phenylsilane and bistrvipheaylsilyidenzenc. In addition, 2 quantity ¢f polymer is formed
which has been showa 12 ontain the silicon =<till bound 1o chenyl and ather aromatic

groups. In Figure ! is shown a siandard first-order plot for the decomposition of teira-

phenvlsilane at fovr specifizc tomporatures.
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ingse rete data were then anaryoed uy a standard Arrhcaius- STET plc.,
Figure Z One ohbtains an activation caergy of 82. 2 kcal /mivie. From these combined

data, one calculates the rate cquation for the decomposition of tetraphenylsilane which
is shown in Figure 2.

Cu e Bazic of thiz zotr squation and by annlication of ahgolute rate icury, one
can ca;culatt- 2n entrepy of activation for the transition tomplex and the decomposition
Such a calculation gives an entropy of activation equal to plus 16. 2 entropy

0 e

readuisn.

u
units. The importance of entropy calculztions will be discussed later.

Decomposition of Tetracyclohexylsilane {TCHS)

In the dzcompositicn of tetracyclohexylsilane, the primary product formed is
cyclchexene. Muck less polymer is produced than in the decomposition of tetragheayl-
silane. Figure 3 shows scveral piots of the first-order decomposition of TCHS as a
function of time and terrperature. In Faigure 4 ars presented two Arrhenrius plots jor the
cecomposition bascd on the rate data obizined irom the direct dccomprcitio-x i TCHS and
from the formatior of the cvclohexene. As shewn here, the aciivation encrgics arce in
fairly aood anrccmcn’ and are indicaiive of breaking a Si-C bond. The vaiue agrees
favoradly will: the value of the Si-C bond 22 given by Pauling (57, 6 keal fmaic). These
data icad to the rate equation given in Figure 4.

Figurc 3 shows the influence cf scbstituting 2 cyclohexyi group for a ghanyl grovp
on the silane. In this figurz arc presented the first-order rate data for the decomposi-
tion of i1} ¢ct-zphenylsilane, (2) diphenylcyclohexylsilane, (3) tripl.enylcyclohexylsilane,
and (4} tetracyclchexylsilane, all at 476 C. As is quite apparent, the substitution of a
cvciohexyl group for 2 phenyl group markedly decreases stability f ilt= phenylsilane.

In Tabls 2 are listed kinetic factors for the decomposition of scveral srganssilanss
and tetraphenyl germanes. I' is of interest to note that the frequency and entropy faciors
separate the compounds inte two distinct groups, suggesting different mechanisms of
decomposition. Compounds 1, 2, 3, znd 4 have high-frequency 1actors {i.c., high in il
sense that '613 1o 1914 reciprocai seconds may be calied normal according io transition-
siate theory if the entropy of activation is zero) and correspondingiy poaitive entropy
factors. Compoands 5 and §, on the other nand, nave iow-{requenay {aciors and gorses-

pondingly negative entropy factors. The entropy caic suggest that Compounds 1 through
4 go through an initizl state ta a transiticn state with no special dificulty (probably just
a charge from a vibrational degrec of {reedom in the moiecule to a translationai degree
of freedem in the complex), vhile Compouads £ =nd § lose eniropy in pa~sing into a
transition state by the fact tha* ihe activated complex takes on a more complicated
structurc.
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AP 200 KINETIL rAGCLIURG » O LRE DECUMMOUSLL OGN
OF SEVEERAL ORGANO-SILANES AND
TETKAPHENY LLULRMANE

Frogquency Actiwvarion
Fucior Lntropy of Energy

Log A, Activation (« B,

sec ! {15), c.u. kcal/mole
I Si(CH3)y s, 204 +11.7 78.8
II Si(C,lig)y 16.531 +12.9 50.5
IIT Si{C3H4)y 15,920 +10. 3 46.0
IV Si{Cglg)y 17,204 +16.2 82.2
VoOSHCH )y 12,892 -3.2 57.5
VI Ge(CpHg)y 12.505 ~5.5 21.0

Stated in still another way, then, these kinetic data suggest that Compounds 1
through 4 decomposc by a frece-radical process, while Compounds 5 and 6 decompose
by an intramolecular process in which the intermiediate transition state takes on a four-
center~type bond structure. On the basis of these data, therefore, the tetraphenylsilane
probably decomposes by a mechanism which follows according to some of the equations
given below:

v+ 0,50~ dH + w3 SiCgHye
:,3 Si+ + Y4 Si - A."3 SiH + ¥33 SiCGH4'

Si~ +¥,51i—~ ¥y SiC 6I-I4Si‘y")3 + H°

"3 4
Iy} 1C * . i - 4 i - Qi Wy ‘

¥ SL(J()H4 + ¥4 Si »)3 5106}i4 C6H4 Si P3 + H
. » . ¥ . 4 . i 13 Y he
/'351061-141- p451 w381(‘6...45w3+w

O3SICgH," + B3Si = B,SiCH (Sidy

6,51 ~ &, Si(H)ICH ¢



Yy

The type of tocs haa-:0 5y whnch the TCHS s decumposing 1s as follows:

i H
c—cC
S H OHN\
(Cylly )y Si » (Cytip )3 — Si—CH HCH
VONd H
.\ ’,-C‘—C.
11-- H

!

{Cpll 1) 3SiH F CpHl10

Uy ()3 Sl e Silly + 3C6HID

Sr4+ 2H,

Aiso showy here is the tour-ceuter-type dond structure which exists in the transition
state, Aithough the steps showr appear quite straightforward, and one would agsume
irom this that one wouald obtain reasonably large quantities of silicon, such is not the
casc., Furee silicon is formed trom the decomposition of TCHS, but not te the extent
suggested by the above equations. For this recason, therefore, it is quite apparent that
there are other rezctions which tnay still tie up some of the silicon,

As we have wndicated, the decomposition of tetraphenylsilane does not yield an
appreciable amount of free silicon. An infrared trace of the =esidue which is formed in
the decompusition of tetraphenylsilane is shown in Figure 6. The point of principal
interes: here 1s the 9. 0-micron band and the 14. 3-micron band. The 9. 0-micron band
results from silicon-avciatic bonding in which the broadening of the peaks is duc to
condensed rings, while the 14, 3-micron band represents a silicon-phenyl bond, The top
curve as noted herc represents the pattern for tetraphenysilane and the bottom curve
represents Lhe pattern for the polymer.

A rccent Russian(?l) study was made ol the decoiaposition of several organo-
silicon compounds. This study was primarily directed toward attzining pure silicon. The
organosilicon vapor was carried down a reactior. tube maintained in a temperature
gradient and the deposition of metal was analyzed along the various regions of the tube.
Silanes such as tetramethyl, tetrzcthyl, methyldiethyl, triethylphenyl, allylmethylpheayl,
and several other silancs were used. In no instance were the authors able to obtain de-
posits with less than 25 per cent carbon in the silicon residuc. These results are rather
consistent with the conclusions obtained from our infrared analysis of the polymeric
residue obtained in our own studies. As predicted by structural considerations mentioned
earlier, thesc compounds are all too stable tc cleanly yield free silicon,
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In cenclusion, we have seen that metal-organic decempesition is a versatile
techaique whizh can supplement and complement the other approaches in the ficld of
cuzemical vapor deposition. It offers a great deal of flexibility so that deposition systems
mazy oc tailored to fit the requirements of a given problem. We have noted that the

major cholacle which muest e overcome in order to rean the full henefits, is the ca-
;]
H

u
depu~:tion of carbon. In order to solve this problem, it will .2 necessary to determine
the mechanism of the side reactions through which the carbon is deposited. Mcans may
then be devised by which the:side reaction may be inhibited. Altcrnatively, by applica-
Tiun ut hnowlsdge concerning the effect of structural factors on reaction mechanismes,

the ~tructure of the parent compcund may be altered so 2s o provide an organic reacticn
oroiiuct which will be less likely to deposit carbon. In addition, the genaral question of
now the ezl z-rface affects the various reactisns must &c studied. In particular, in
the case of the carbonyls, the catzlytic effect of freshly dzposited n:etal on the dispro-
portionation of CO must be investigated.

The range of agplications of metzi-organic decomposition has been txtensive -
irom metxilic coating of cloth and paper to coating of tire molds and airpiane propellers.
But, the future possibilities are cven greater. Precduction of high-purity :netals, pro-
tective coatings. preparaticn of thin films of conductors, resistors, and diclectric mate-
rials for the fabrization of new clectrical and electranic systems — these and many more
cffer the challenge of the future. We trust that the full potential of metai-organic
decomgpasition will one day be realized.
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AL CONSIDERATIONS (N THE CHEMICAL
‘.’APOR D POSITION OF DIFFUSION COATINGS

by

C. A. Krier

Destruction of melais due tv physical and chemical interaction with their environ-
m--nts i1s onc of the oldes: and, currently, one of the more pressing prouieins of tach-
nology. In the Unit:d States zlone it has been estimated that metal deterioration cur-
rentiy costs the economy usward of $& billLan anneaily. Aside from this drais on the
econemy . it has Become important to prevent or at least greatly retard metzl deteriora-
tion in order to mect the objectives cf our rapidly advancing tzchnolegy and our grewing

national needs.

Meiallurgists, in collaburation with chemists and physicists, have done a cor
mendabie job in solving seme of (hese problems through 2lloy developmen:i. IHowever, in
other cases, the preblems have not been amenable tc solution by the aliv,ing approach
because (1) the cost of the developed alloy was too high; (2) altoying only lessened the
magnitade of the probiem without giving un adequate solution; or {3) 2s is the case with
the refraciory-metal 2slave, when adequile resistance te deterioration is provided by

e TlAT Wl P A 34

alleving. the :'csulta.nt m..tcnais are ansnitable for the structural applications in which

tney are nceded.

As a conseguence, zomposites, consisting of a structurally satisiactory substrzte
and 2 coating, have cvolved into a position of considerable technical and commercial
prominence. TLe coating praiects the substrate from deterierating interaction with the
environmeni, and permits it to fulfill its primary structural tslc.

One of the most importaat types of coxtings in curreuat and anticipated iechnology
is the diffusion coating tpplied by chemical vapor-depositicn techaigues. This type of
coating has found applicability in both ferrous and nonferrous metailurgy. and at the
present time, it has unexcelled popularity 2imong those faced with the most difficuit
problem of providing reliable protection from oxidaticn for tungsten—, tantalum-.
molybderum-, and coclumbium-basec alloys.

Aluminizing, boronizing, carburizing, <hrs.ai. iz, nitriding. zad siliciding are

familiar terms to those of us concerned with pretzciing metals from their cnvironments
by way of diffusion coatings applied by chemical vapor deposition, using either 2 purely
gascous or & pack process.

it is of interest 0 examine some of the iundamcenial factors invoived in the forma-
tion of these coating systems. Experience gained in this field over the past 15 vears in-

dicxtes that therc are many physical, chemical, metallurgical, mechanical, and thermo-
physicai compatibility factors to be considered in attempting to design 2 good coating
sysiem {coating plus substrate). However, for purposes of this brief discussion, it wiki
bec assumed that the coating and substrate are coinpatible with each other and that the

oroperly prepared composite is compatible with its service environment,
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Thereiore, the major togic under consideration is the bringing together of the sub-
strate and the mater al to be added 0 the substrate to form the diffusion coating by
chermnical vapor deposition.

Cangider for the mmment the phenomenological approach to analyzing the problem
1 coating clement, symbolically referred to as €, tc the surface of a

2 of a single metal symbolized by S. This process involves

2 . .
S o shigien in T .
ics are shiown in Figure &

Sring recctcnts together

Reacticn at surface

1 Removal of undesircble reaction products

e =y

C+3

Rg i S l {4} Controlled interdiffusion

FIGURE 1. STEPS !N THE FORMATIOR OF DIFFUSION
COATINGS BY CHEMICAL VAPOR DEPCSITION

Bringing of compound contrning C. C A. together with the substrate S

Reacticn 2t the surface of S to liberate T irom T A and deposit Con S

Removal of undesirable reaction products frem substrate surface

Controlled inte-giifusion ¢f C and S iv form ikc desired cuating {casc)

SOITNEItinn

The phenomenolcgical analysis reaches its limit at atout tais stage. and, fre-
quentiy, coasiderable experimental ciiert becomes expended vn process investigations
whusck often are carriad out on A “'go or no-go" basis. This appreach sheuld nut be
slightecd by any means, becausc it sometimes is the only course of acticn we can follow.
due to lack of fandamental informaticn and the urgency for producing hardware. How-
cver, the danger inkerent in this course of action. and oftentimes realized. is that the
ciiort produces neither the hardware nor the kaowiedge of how 2o modify and control the
preocess to produce the hardware.

A closcr look at the over-all process raises two funidamental questions:

Along what reaction paths would a proposcd chemical system naturally
travel, and along what paths could it be made te travei?
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{2) How :ast can the system trave! along the various rezction paths?

vnamics, and the latter involves chemical

The former qucst:on revolves around thermsdy wics,

'

insiics.

) tnermodynamics is concerned primariiy witk initizl and final states and not par-
ticularly with the detailed mechanism whereby reaction occurs; the mechanism enters
heavily into the kinetic aspeci. Of interest in assessing the thermodynamic feasibility

~f anolving 2 coating are the volatile compounds avaii. ble for carrying the coating =i=-

i ment 2o the substrate and the chemical reactions which can deposit the element. Classes

of compounds of intezest have been nydrides. carbonyls, organometallics, and halides.
Types of reactions encountered have been displacement, hydrogen redection, and

thermal dececmposition.

Chromizing has been the mest theroughly investigated cf the vapor-depositicn
processes, and it is 2 convenien: example to use 0 become a little more specific. The
hree reaction types for the chremizing ol iron, using a chloride iransfer system. are

as folicws:

. DJ

(1) Displacement- F"(a’zlm_.') + CrCl?_{g) = FcCiz(g, ¥ cr(_allm‘:}
- _ 2 (3rnea ion- Fve s = 2 r
(2) Hydrogen reduction: h?.\g) + CrClZ(g) HCl(g) +C (alloy}
(3} Thermai dissociation: CrCl:(g) = Cl?.(g) + Cr(alloy) 5

Calculation of the free-cnergy changes f5+ these reactions and ine resuitant equilibrium

constants shows that the displacement and reducticn reactions have gocd thermodynamic
feasibility and that the thermal disseciation reaction would not occur to any appreciable
extent. {Chromous iodide is less stable, however, and could be used for the thermal dis-
sociation rcaction.) Experimenatally it has been found that the chromizing of iron can be
done by cither ihe displacement or reduction methods, depending on tac detalis of the ex-
periment. It might also bc mentioned that similar thermodynamic considerations indi-
cate that the chremizing of nickel and molybdenum is no: feasitle by the displacement
reaciion. Where thermodynamic daia are available, it can be very profitable to investi-

gate the feasibility of a reaction before proceeding to the laboratory.

The fermation of diffusion coatlings Ly cheiizal vapor deposition is done using

flowing gascous or static pick processes. AR exaniaation of a pack process is rather
interesting both from the thermodynamia and kinetic viewpoinis.

A simple pack process involves imbedding the pieces of metal to be coated in a
powdcer mixture consisting of the metal 1o be pizted. an "encrgizer”, and nsuahy an
inert material o prevent sintering. The powder mixture in & chromizing pack might
consist of Cr =ad NH4Cl, with Al}O; as the inert filler. After the pack is assembied iz a
rantainer called a retort {a simple box which may or may not be scaicc), the assembdly
is heated in a furnace to a given temperature, held at temperature for a time, and then

cooled.

The action which occurs in a pack, using the chromizing of iron again as an ex-

asuple, can be viewed as consisting of several steps, the exact chemistry of which has
not baen documaented in compicte datail.




INH4Cl(5) = eNHyy; + 2HCl gy

EAY ot
2{z) ~ 7 (Alley 1}

rCt.
{attoy 23 ¥ C7% g

4 )|
2( + ‘H.’.(g) + CrC

2{g)

o™ : . - - -
Crantoy 2) T Feranoy 1) = “Flauoy 1y ¥ Feantoy 2

The 1ast two equations, which arc obtained by adding the preceding f£ive 2quations.
shew that the over-all chemisiry is that of a cancentraion ceil in winicr ‘-ansfer can be
madce in both directions; and the role of the salt is to "energize’ the pack anc provide a
gaseous transport path. In effect, a double displacement reaction is carried out, and the
driving ‘orce is derived from the difference in activities of chromium and iron at differ-
ent locations. Iniiially, the activities of chromium and iron in the powder are uniiy and
.- ro, respectively. If the system behavea ideally, thz reaction would be expected to
stop when thie concenirition of chromium and ircn in the pack metal powder (alloy Z) andat
the coating surface {Alloy 1} reachiea 50 atomic per cent. Experimentaily, chromium
wcncentrations ai the suriace of chromized steel have been found to be between 35 and
50 per cont.

Now let us turn our attention 2o the kinetics of the pack chromizing of iron to gain
an insizght into rate factors which can enter into the formation of diffusion coatings by way
of chemical vapor deposition. The general rule is that the rate of the siowest step in the
sequeniial process will control the rate of the process.

Review of the above reactions for pack chromizing shows that the initial step is the
cnergizing of the pack (Reactions 1 and 3}. If the vapor pressure of the energizer were
cxtremely low at the experimental temperature or if the thermodynamic stability were
very high relative to thai of the plating compound, t2~ ~ver-all vaactien might not even
gt started, or might at hest nrocesd at an impraciicaily low rate due to 2 low concen-
wretion of the plating compound.

Although the thermodynamic driving force of the plating react:on {(Reaction 4) at the
substrate surface might be high, this is no guarantce tnat the rate of deposition will be
practical. In addition, the volatility of the reaction by-products {Fa2Cl,, Reaction 4. for
thc example under consideration) must be sufficiently high that removal can be casily
accomplisked, or they could form a barrier to continued plating action. Rcmoval of the
by-products can be highly important {ron: another standpoint also, namely that of con-
tamination of the coating with subsequent poor performance in service.

Transpori of gases to and from the substrate involves movement by way of gaseous
diffusion through the pack. Should the pack undergo appreciabic sintering or bs com-~

pacted too tightly, chemical-reaction rates could be impaired.
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If the supply of coating material is adequately maintained at the surface of the
substrate, then the rate of growth of the coating will be determined by the rate of inter-
’ diffusiun of the cvating and substrate elesnents. An exact estimate of the rate of growih

- of a Lcating frum diffusion coefficients is difficult because, often, mere than sne phase
1S present in the coating. and in additicn, the small gquantities of impurities which may
be present in commercizl metals can have a pronounced effect on diffusion rates.

From difiusion theory, coating thickness and hime at a given temperature can be
related by the eguation

X< =4 ADz,

-

where
clement a2t the surizce, D i- the diffusion coafficient (assumed to be independent of con-
ceatration), and t .5 fime. Vith the known relationship between diffusion coefficient and
temperature, D = D? e B T, the coating thickness can be reiated simultancously to

-y i

toth time and temperature:

lo

vl
o

>
x2
. =C-
t

S

This celationsh:p is quite general in its application. but the constants are unique for each
diffusion sysiem, and. therefore. separatc sets of constants are required for each phase
£ 2ld in the diffusion zone.

Somie of these aspects of difiusion czn be illustrated with rasults ottained in the
chromizing of steel. According to diffusion theory. the rate of transfer of a diffusing
element across unit avea of a diffusion interface is related to the concentratica gracient

I= -D(Q-C-) )
X
h is face-

At normal chromizing temperaturss, steel is in the Yor austeuitic phase which i
centored cubic. Hewever, whea above about 13 per cent chromium Is ccntained in the
steel, the structure changes to the x or ferritic phase which is body-centered cubic. It
iz known that the diffusion coofficient of chromium in the c~phase is about 50 times
larger tkan that in the y-phase. Therefore, at thc interface at 13 per cent chromium.
because instantancously as much chromium must diffuse into this interface as difivse<

by

sut,

3C\ . /9Ch
But D, > Dy, and thus| — }< K-;— . In vihizr words. the chromium gradient
90X/, \&X

will be expeeied to be shallow in the x-phase relative to that in the y-phase. Figure 2
shows that this has been confirimed experimeatally.
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FIGURE 2. CHROMIUM UPTAKE AS A FUNCTION OF DISTANCE
FROM THE SURFACE FOR CHROMIZED STEELS

{After P. Galmiche. 23 given in Reference ).

ho .:lé not be overlooked that the rate-contrslling mechan:sm may chinge
or of a coating du2 1o the continuously changing chemistry of the sur-
¢ length of the diffusicn path. Alss. it should L noted that the per~
f :hc coatirg i5 determined in large part by the chemical concentrations at
and near the suriace, and these can be changed by a change in the rate-controlling
mechanism. For example, if the rate of plating is the sluwest step of the process a
lower surface concentration ané = shallower gradient of the coated clement would be ex-
pected © if diffusicn were the r=te-contrelling step.

There are many additional factors involved in thie formation and periormance of
chermcaily vapor-deposited diffusion contings than the thermodynamic and kineti- as~
pects briefly excmpl:ified for the relatively sxmp}c case of chremizing iron. Perscnnei
at Battelie rave becn and continue to be heavily invelvzd in research on the many prob-
iems asscociated with the proteciion of stecls, superalloys, and the refractory metals by
the usc of diffusion coxiings applied by chemical vaper-deposition techniques.

Gne of the processes waich has received much atienticn i recent veuss is the
tticomz:ng of maliybdenem o feem a coating of MoSi2 which is very resistant to high-
emperature wadation, (10 Today the MoSi 2-vase vesting 15 cery mauch in the dimelight.

it has achicved comurorrial stxture. Ilovcever, considesable cifort is currently
g cxpended to bring the coxting syaten: 1o 2 beticr degree of perfeation, Variatles
stigated in recent studiestl i} inciude purity, pariicie sizz, =nd miving af pack con-
stiiuenis; surface contamination and nreparation of the substrate; and time, tanpzratere,
and retort composition usced for ocrocess:ing.

e

In the develupment of diffusion roatings for tantalum-base alloys{12}, w0 miajor

subp Slems have been encountered. These are: {1} selection of coating compositions
having the proper corxp::i:m x!v rcxauonsmps with the suustrate and the intended service
Crvizuneais. o :zz the desired woatings o preduce systemns having high
relialialaly, }scx.h-:: of these prouicms is s:mplc. and frequently ihe empirical approach

io soiution has oen the only reute avziiable due to several factors.
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The muluphcity of ailoyirg elements involved in tantalum- and columbium-~base
alivy= and in seperalloys and che frequent desire for the chemical rapor deposition of
severai additiona] elements make the probleras quite complex from the standpoint of
carrying sut rigid analytizai swudies. At this stage cf relative infancy in the science of
chemsical vapor deposition of diffusion ceatings, the chemistry of even the simplest sys-
tems is rot completely understood.

Perforn.aace of a coating systzm in general cannot be divorced from preparation,
araticn is a gocd deal more complex than 2 "go or no-go™ cperaticnul procedure
ggest.  Much fundamental investigation needs to be done v move the general

preparation of ci:emicaliy vapor-deposited diffusion coatings {rom its present status of
vredominantiv art to cne of science.

1 ine fieid of thermodynamics, more rcliable and more coemplete data are needed

to predict reaction fcasibility and useiul conversions. Detier methods for predicting
casible resction paths in multiccmponent systems would be most useful.

Idennficazion .f rate-controlling steps and detcrmination of how the rates vary with
chemical coacentration, temperature, pressure, and possible catalyti. ~Ifecsts are
needed. Diifusion in cumplex alloys and thie cffects of minor additions and temperature
chznges should be studied.

A sound collection of thermodynamic and kinetic information would allow us to as-
a-tain the causes {uf whichk there could be many) of apparent failure in systems which
4id not “'go”, and properly control and perfect those systems which do go.

Multicvele depo<ition and codeposition are areas of much needed research. and,
1 belicve, of much untapped fertility. Figure 3 shows an example of benefit derived
from multicycle deposition; it also shows that the order in which the depositions are
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CarTeed Gut san ave o profound effedt on the nature of the coating produced. Vaiuable in-
p .t to thrs freld of investigation should come from 4 comprehensive coilection of thermo-
Jyeaamie and Rinctic inicrinairon, Also, liberal ase should be made of such resecarcn tools
as the ciedtron-probe mid roanalyzer, which already has yieided much useful information,
This 15 not au ineapensive too! to use, but it is an indispensibie tool for genuine scieat:fyr
progress lo be made it the arcas of m:lticycie deposition and codepesition,

The role ui substrate "com:.trv 'n the fcrmation and performance >f diffusion coat-
g s fequites quantileine I lnition, parncuiariy for reiatisely britiie coatings. Fig-
127¢ b shows a type o1 zoating xmpcrfcct:o. esulting from unfavorable sx.bstr.nv.. geom-

«tr,, namely irregular surface finisk and too smali & radius on an edge. Figure 5 shows
the structure of this same cecating system on a flat suriace. Hairline cracks exist, but
the large V- pe defects stown in Fignre 4 a2ve absent. This cozting aystem is inher-
enily exculleni. However, if it ig ant properly prepared it can be devastatingly unre-
l abic. A very major factcr determining reliability is known to be the substrite geom-

, but 2 quantitative relationship between geometry and pcrformance is not yet known.

A large columnar grain siructure generally is characterisiic of vagor-dcposated i
diffusion coatings. Metallurgizally this type of structure is rather weli. Studies to
Jetermine if und huw the grain structure could be alterad and controlled in diffesion-
coating systems are very much in order. Imput to this area from general studies of
nucication anc growth mechanisms in chemical vapor deposition shonld be of cenciderable
value.

We have ziready indicated that rel:zkility is a major problem in currently promis-
ing vapcr-deposited coating systemns. Detailed and methodic investigation: is urgently
needed 19 identify the fundamental causes of premature iocalized faiiures. The roles of
disiocations, vacani iattice siles, interstitial impurity atorns, adsorbed gases. stresses.
and micrescopic geometry at the subsirate surface in the over-aii prohlem of atiainiug
high rcliz2oility arc, at the presont time, only subjects of speculation.

In surnmary, we believe that chemically vapor-deposited diffusion coatings have 2
bright fature. This area of technology is based predominantly cn art rather than science
at thc preseni ime. There zr: many problems requiring soiution. If the science is
dzveioped, we believe these problems -vill be selved, and the techrical and commercial
potential of chemically vapor-éeposiled diffusion coatings will be realizea.
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VAPOR-PIASE-TRANSFER PROCESSES DURING
CHEMICAL VAPOR DEPOSITION

by

J. H. Oxley

Inrraduction

Uhe first published work demounstrating the significance of diffusion processes
durg Chiernical vaper deposition was a result of investigations carsried out at Sylvania
Electric Products. (1) In this study it was demonsirated that the rate-determining step
in the de Bo:ir - Van Arkel process for jodide zirconium was the diffusional transport of
prascous roactants. This was a very important discovery, and is the basis for most of
the mathematical treatments which follow, Later analyses of chemical vapor-deposition
processcs, particularly by German workers(2) | suggested three mechanisms which occur
ir. three ditierent pressure ranges. These are listed below:

(1) Reacticn rate is controlling, and diffusion resistances are negiigible
at pressures less than 1 mm Hg.

(2) Simple diffusion is controlling transfer rates at pressure levels between
10 and 760 mm Hyg.

{3) Gonvective Lranspert is the controlling factor at pressures greater than
1 atm,

Fortunately, from an applications standpeint, the situation is not so restrictive as
just nutlined, and considerable overlap of these mechanisms can be brought about by
prccessing variables, This variability can provide improved control over the process,
but makes dzta analysis more complicated and can result in disappointment and failure
in 2ttempting to apply Lhe laboratory studies to a cummercial venture,

In order to sumnarize th2 state of Lhe ari, the pertincnt technology will first be
very Lriefly reviewed frora the standpsint of surface deposition controlled by chemical
reactions. Then emphasis will be placed on surface cdeposition when controlled by gas-
phase diffusion. No careful analysis of the probiem of natural convection during depo-
aitinn has vet baen performed, so this item will uut Le included in this review,

Surface Deparition — Gas Kinctics Controlling

.

An example of a vapor-deposition process which is controlled by simple reaction
kinetics can be found in some recent work carried out ior the Atomic Energy Commis-
sion, {3) The equipment used in this study of kinetics is shown in Figure 1. Hydrocarbon
vapors were passcd up through a shallow fluidized bed of fuel particles having good heat-
and mass-transfer chavacteristics. The rate of carbon deporition wae then studied as a
functicn of the proceasing variables,

By the use of the relationship shown in Equation (1), the rate of carbon depo- ‘ ki
sition (W) was correlated with the surface area of the particlee (S), the temperature of i
the bed (T), and the partial pressure of the reactant hydrocarbon (P;):
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The resaits cof this study showed that the reastice orders znd activation 2nergies
were the same 2s for simpls gas-phasc pyrolysis, as shown below:

Coastiants Lethane Acetyiens
Activation encrgy, Ej cC. 4 51.9
Partial-pressure exponent, n .30 1.45
Sarface-zrea expouent, atl 1.39 0.92

. n
Specific rate constant, kg 3.68 x 1014 2.80 x 10'°

Thus, the carbon-deposition rate o= the surface of the bed particles was cortrolled by

the rate of pyrolysis cf the kycrocarbons in the temparature ranges studied, i.e., 795 to
il0¢ C. At saificicntiy hign temperztures. perhaps 1509 C, the kinetics of the reactiosn:

1s 50 rap:d that the controlling tiellanism will probzbly shiit 2o one of diffusional centrol

Unde: thes. condiiicns, there is amplc carbon avzilabic for deposition, L.t the diffusicnai
ransport of hydrocarbon o the surface of the particles is dew con.gassd =ith the pyrolysis
rate. Diffusion would thereicre berome the rate-limiting step.

Surface Depositive — Gas Diffusicn Controlling

As shown in Equation {2}, uader steady-state conditions, gas-diffusion rates can be
correlated wiih au equition relating the rate of deposition to the molecular weight of the
deposiizag species {24 ), 2 mass-transfer coefficient (kj, the area tc or through which
diffusion occurs (A), axd a2 diffusion potenzial (3 y) rclated to the concentration graaicnt
in the s:.-s:e:m('t :

W= MJkA &y . {2)

1nx some cases, particularly in the abzence of cither natural o fooz=¢€ coaveciion, this
cquation r2n be an =xact solution of Fick's law. and the various factors can be determined
theoratizaliy.  In other Cases, gencraily for sizuatons of cumplicaicd geomelry or fluw
patiern, the various factors must be determined expz% —ente Uy and the evzluatica mey,
herefore, become scaviampizizal Mcthods of cvailaiing the last threo factors iz Equa-
tion _3j, i.¢., the cocificient, lnc area, and the driving potential, will now be reviewsd
for -2rious practical processing situations.

Evaluaticn of Mass-Transfer Tacfficient

The velationship shown in Equation {3) is used in the evaiuation of the mass-transfer
cseificient (k), for the simplest situation involving pire diffusion, i.c., =o convection,
across 2 leagth {Z} of consient nross section. The mass-transfer coefficiect in such a
situailon can be walculzisd irom the diffusion coeifizient {Dy), pressusc {(F}, gas coasiant
{R), and temperaturec {1315}

x = D_P/ZRT . 13)

r
|
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This cquztion has D2en extensively used by German investigztors o correlate the vaper
transpors of silicon by its nalides. {2}

The rext samation shows that, for ideal fiow acrass a cviinder of specified diam-
cter. a relationship similar to one ¢riginally éescloped by British workers for heat
2
transfer can be employed(®J:

k= D.P . )

EERT

Here the leagth term {Z) found in the previous equation is simply replaced by the pre duc
of @ and the <ylinder diameter {(d).

An investigaticn om the r=al flow of titznium tetraiccide across a heated cylinder
was cairied out in the apparatus shown in Figure 2. (7} The reactant vapor entcred the
unit from the left, and the coetficicnts {or the average rate of titanium deposition were
corrclated as = function ot the pracessing variables. The appropriate formula which
accaunts for the effcct of the Keynolds {NRe} and Schunidt (Ng.) Humbers ca the transier
rates is showa in Equation (3):

L1857 0.521
D.P /Y 1 \O-
k= Nse !- + 0.47T{N ! 15)
2RT =} Iz T\Re) - :

In attempting to scale-ap such types of cquipment io commercial production, it is
cbvious that onc would like to pack 2 large number of {ilaments or tubes into 2 large
vessel and pass the rcacting vapors continuousiy into and out of the unit. A mcdel of
such a commercial unit is shown in Figure 3. Transfer coefiicients were measured for
turbulent flow in this equipment zader varicus conditions of flow and geometry. {8) The
cxpression reproduced below was skown to be valid and was verifizd in pilot-plant
operation:

pe ¢ 0.3 [, / \0-58-0.14 D51
x=— (Ng.) {; 20082 { Ry, ) |
dRT \ ~°7 = \ Re, i
ic}
6. =9 0. &9 . 38 8.53
(225 [ogm)  (ogivs)  [spise)
\ 2 ; \ UBIR ) tUBfE8 ] N .

The cffects of the operaiing variabies and prspertits of the process materials
upun dapcsition ralcs can be determined from this cxpression. Dimensions oi the cguip-
ment enter into the expression in a straightforward manner witl the cxcontion of buib
édiameter. Properties of the precess materials enter in 1 less straightfarward but nat
unduly complex masner.

This then campiztes the swamary 3f ali knswn pubiished Work on the cvaluvzian

-t

of the transfer cocfficient fer diffusion Suring chzmicai vapor cepositiea.
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bvaluation »f Effeative Arca

il Equation (2} i nuw re-caamined, it can be seen tha
ated in predicting depssition rates under diffusicn control i

Agan siarting with the simglest case, for diffusivn at a cvlindrizal surface of
given radins (r}) and lengih {L). the relationship shown in Equation {7} is applicabie, this
simply being the formula for the surface area of the cy

A=

if the oylinder wall actually consicts of a screexn formed into a oyiindrical tube, t
equaticn is muiltiplied by the screen porosity to cbtain the proper area term.

For diffus:on through an annular section, it kas been demonstrated that the shave
factor :0r heat transfer is also valid for deposition of zirconium from the tetraicdide,
- - . M
as showa in Equction {8)(2):

2nL (c2-r1}

A= {8}

in rzlri
Here the efiect of radii takes a little more complicated form.

I the screen and the annclar section are in secies with the diffusicn path, it has
been shown that the relationship reproduced in Equation (9) should be employcd(lo):

27L (tz-r;)

(9;

Inrpfry + 8/r,¢

The term 8/r¢ has row been added 20 the previcus area formula to include the effect =f
the screen resistance te diffusion.

Now reviewing the most complicated treatment of area evaluation, i. c., when the
diifusion cccurs throueh the scre.n and annular section in series flow and the irner
radius of the anpular surface {r;) changes appr=cizb
riato r3:); the equation shown belcw has been derived and is

2
alZ {r;i7 - 7310

A=

{r112-ry9¥) Inr, + 3/ ¥ 1/2) ":-’;lo

The effect of this change i dimensions during the course of 2 produciion run has
been ascertained for quite « few practical process siluaituns. One such situaticn is shown
in Figure 4. This 5 2 schematic drawing of 2 typical iodide refining cell. The tempera-
turc of the deposition surface is higher thar ‘hat of the crude feced, and 22 2 result of this
temperatare gradient, a net transport of metal cogurs, At the lew temperature the metal
feed is iodinzted with frec iodine. The metal iodide thern diffuses to the hotter surface
and pure mcial is deposited and free 1odine liberated. The iodine then diffuses back to
aga vith the [ced.
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As shown i Figure 5, ihe average rate is therefore not only 2 function of the
tiztial geometry, bui, since the geometry changes during the run, as a :1asult of metal
deposition, the rate of deposition is also a function of the amount of metal deposited.
Uere, the average rate of deposition is shown as a function of initial surface diameter
and the weight of metai pruoduced. It can be seen that the average rate can vary by a
factor of two in just this snc type of iodide refining ceil, simply due to the change in the
dimcensions of the depysition surface.

Evaluation of Miffusion Potential

Keturning to Equation {2}, it can be seen that the driving poiental is the only
other facter which neads to be evaluated for fixing the deposition rate. Equations for
Jiffusic: notentials were established for various types of diffusionai processes many

yvears ago-{s) The three cases whick are presented in the niext three equations are
sxamples of this work for two-component systems.

In the case of diffusiv: through 2 stacnant film, a simple logarithmic driving force

Ay =1In —— 2! {11)
(1 -y

=n potential for equal-molal counterdiffusion is:
8y =¥y - ¥2- (12

Herz, the driving force is simply the dificrence in moie fraction of ihe 2iffusing species

ST

between the surfaca and the bulk stream,

Fo— nonequimoizi counterdiffusion, where the ratio of molar flow in the two oppo-

sitc Girzctions is not unity, the correct {orm of the diffusion petential is shown in

Equation ':53)

I

i-{i-x) {vy}

In this case, the drivin tential is not cniy o fanctica of tiie mole fraction of the dis-
, - y
fus: g speciss, bul aiso depends upsn the ratic of the molar flow 14 and from the dopo-

siton surface.

Equilidrium limitations ¢ concerntrations kave heen pointed 2u2 by a number of
investizarers. As shown in Equation (14), the mole fraction (y) available for driving
the diffusion process iz generally lower than the actual mole fract:on of the volatile
metal compound (y*), due to the fact that the fractional equilibrium corrosion {£} can be
z2ppreciably less than unity:

y=Ey' . [$TH
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The nature of this equilibrium correction is generally of complicated tcrm. A

of years agou it was found that the aprarent Conceniration for zircorium deposition
1odide was of the form involving an arbitrary constant and the free energy of

reacton, (i) Recently. this concept has been extended in a more complicated, semn
a .

-hcursacal enpression of the same genetal vt tv include the presa “x-‘- oi zircom.zr.’.
ditedide by use of free energices {1.G) of reactionti?):
-6G LG - 208G
4RT =3, 1/4 4RT . .
y =Bz (1-1L239,7 "¢ i - {i3)

Eguilibrium conditions also werzs thought to be encountered in pubhshed \\orlr on
the decomposition of silicon tetraiodide to produce transistor-grade silicon. {13,15) The
following cquation shows hcw the {ractional conversion (X) was empiricaily relatz2d to the
indide fexd rzie (F) and the reactor surface area (A):

log Fi£ = 2.18~ 2/0.305 . {:6)

However, z reactant depletion mechanism could perhaps be better satisiicd by such 2
relationship.  In stedgies o:. the hydrogen reduction of columbium pe=niachloride in a
fluid.zcd bed, as iz basis of a metallurgical process T pivduce columbiiom cr to coat

uel nuclear fuel particles, correlation of datx a2ccording to the linear relationship oi
I‘c :atjon (i17) has been 2stablisked( 16}

.-

2= 1.474 - 9.0316 Ry + 0.000036C Ry T - 0.901051 T . (¥}

This cguation shows the fractional cornversion (@} as = lincar functicn of temperature {T)

2nd excess hydrogen ra:io (Ry). The counvarsion was also shown to be independent of
gas preheat, bed particis size, and bed height over the range of conditions studied. This
type c§ corrzlation suggests aquilibriums behavicr, but the actual situation has not ye?
been satisiacterily ciarified.

Concerntration depletion by reaction is generaily encountered in 21 cases, and the
ficw pattern ir the reactor must be known to evaluate the diffusion potcntxal. In the case
of vompleis mixing, the sclutien is quite simple, as shown in Zguation {i8):

__ MwF - MW
T T MF # 1V-i) MW

.
.

-~
[
2]

(Yo

Th's type of correction for reaciant depletion has been used for worrelation o
depesition rates under highly turbulent conditions in fiow sysicins.

The cffect of Kinetic limitations an concentraiiuns has been demonstrated in 2 re-
ceat study an the hydrogen reduction of molybdenum pentachloride in a flow system. L7
It -»as shown that the deposition process was appaceatly diffusion centrotled, although it
was not possible to 1dentify the diffusing species. However, a number of expressions
were derived to 4cfine the potential gradient when chemizzl-reaction rates were not
negligible and included the effect of reactant depletion under conditions of piston fiow
through 2 cyhindricai tube.

~
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As an exampie of this werk, for conditions in which moiybdenurn dickloride is the
controlling species, the relationship shown in Equation {19) is rep.-c.duced:

-AkL/U _,-kyPL/URT

o
oo
O

B
»

s

=
-
-

s

L-m-.l

. &, -ARRI/P

‘This equatisn chows the complex intcrreiationships between mass transfer and reaction
rate 1n deiermnining a potential gradient.

With this summary of published work on diffesion potentials, ihe task of predicting
rates of dencsinon under conditions of diffusionai control, withix the limitations necessi-
tates Ly the present state of our knowledge, is »ompleted.

Problems Requiring Additional Research

- Extension of present knowledgze, not onlv in the area of fundamental siudies on
mechanisms but also measurements of the flow patterns and ccefficients in models of
various types of vapor-deposition systems, i5 obviously required.

Ccnsiderabie effort is needed in the arca of defining wher natural convection
cffects become appreciatle and how to interoret data under such circumstances. A
.- iarge amount of stuéy on reaciisr< in surince boundary lavers is being carried out in
other fields, and this infermatien should be modified and applied to the vapor-deposition
field. A great deal of inrforrration also needs to be developed in the transier problems
associated with ceating comgplex-shaped objects, since these are frequently of commer-
cial interes:.

. Little is known akout the effacts of sczle and intensity of turbulence in vapor-
deposition systems, i.» how are the over-all rate and uniformity of depositicn af-
fectzd by both natural ang ariificially indvred turbulence, For instance, studies on the
anplication oi scnic ensrgy 10 vapor-deposiiion systeme is certainly warranted.

Iuidived-bed vapor-deposition processes have received unusual attent
the nast few years {rom btoth industrial 1nd Gouverament labsratories for numerxous
applications. Howewer, little is Xnown abou: e reaciion and flow mechanisms in such
ecuipment. iinc scale-up protlems in these uniis, pariicularily when two or more feed

K streams canact be mixed before they are injected into the fluidized bed, zr2 indeed .
- formidable. Use of the piasma jet as z chemical reactor is also ragidly breaking away
from the curiosily stage. Informaticn on the turhalen: Jiffusicn coefficients in the jet
would be of considerabie help in guiding prccess work based on vzpor-daposition ra-
actions in this type of reactor.

it should be obvions that the potential of the vapor-dcposition techniques is encr-
mous, but further Jarge-scale commercialization will have to be based on fundame=tal
consierations.




(i

-~
(-

{(»

(4)

1Y)

(8)

(9)

(10}

(11

(12,

(13)

{11

(15)

7

References

KoB, Hholden and i3, kKopelman, "The Hot Wire Proceas for Zirconum®, J,
Liccorochem, Soc, iOp, 120 {1953),

H. schider and B, Morcher, "Chemical I'tansport Reactions, III. The Transport
uf Silicon fu a Temperature Gradient Through the Agency of the Silicon ({I) Halides
dad the Pressurs Dependence of the Transport Direction'', Z, anorg. u, ajlgem,
Chem, | 290 272 (19R7),

J.HL Oxley, A, C, Secrest, N. D, Veigel, and J, M. Blocher, Jr, . "Kinetics of
Carhon Deposition in a Fluidiacd Bed", A 1.Ch, E. Journal, 7, 498 (1961),

A, " Colbuin and R, L. Pigford, Section 8 in Chem, Lng. Haudbook, J. H.
Perry, 3rd Ed. , McGraw-Hill Book Co.,, New York (1950}, '

U. K. Sherwood and R, L. Pigford, Chap. 1 1in Absorption and Extraction,
2nd Ed,, McGraw-Hill Book Cc,, Mew York {1952},

L. V. King, "On the Convection o Heat froim Small Cylinders in a Stream of
Fluid: Determination cf the Convection Cor.ztants nf Small Platinum Wires, with
Applications to Hot Wirc Anemometry', Proc. Royal Soc. {London), A-214, 563
(1914),

G. H. Kesler, "Facturs Afiecting the Rate of Deposition of Mctais ir Thermal
Disuanciation Proceszes', Trans, Met, Soc, AIME, 218, 197 (1940),

J. H. Oxley, J. E, Oberle, C, E, Dryden, and G. H. Kesler, '""Metal Deposition
Coefficients in Filament Bundles', Trans. Met, Soc. AUNJME, 221, 927 (1961),

Z. M. Shapiro, Chap. 5 in The Metallurgy of Zirconium, B. Lustmar and
F. Kerze, Jr,, LEditoys, McGraw-Hill Book Co,, New York {1955), 776 pp.

J. H, Gsley and J. M, Blocher, Jr,, "Mass and Heat Iransfer During the Chemi-
Ad R A

cal Vapor Depcsition of Metals", J, Electrochem, Soc,, :3E, 169 {1361),

J. H. Do:ing and K. Moliere, "The Dissocintic» of Zirconium ledide on Hot-Meatal
Filainents", Z. Elecirochem., 56 (4), 403 (1952),

V, S. Emelyanov, P, D, Bystrov, and A, 1, Evstukhin, "Indide Methud of Rafintiyg
Zirconium, Relation of the Velocity {(Rate) of the Metal DMeposition and the Tem-
perature of the Incandescent Zirconium TFilameai", Nekotorye Voprosy Inghener,
Fiz, , Sbornik, No, 2, 15-23 {1957).

C. S. Herrick and J, G, Kricble, "High-Purity Silicon From an lodide Process
Plant', J, Electrochem. Soc,, 107, 111 (1960),

LoV Ma e, Vigtereemnd Teunnastieg of High Parite Silicees Mada Soaos W G

Tetraiodide', J. klectrochem, Soc,, 106, 1036 (1959),

F. B, Litiun ad H, C, Anderson, "High-Purity Silicon®, 7, Eleetrochem, Sov,

101, 87 (1954),

Rest Availeble Copy



(Io)

=)

2 Hevnolis m,unhrn"ﬂl' ayutem

80

S5 # Oxley, G, H. Kesler, and 1. E. Campbell, '"Fluidized-Bed Process for
Pro luction of Niobium', Chem. Dayg. Progr. Symposium Series of the A, I, Ch. k.,
{*o be published),

IS spoail and J, Walff, YInvestigation of the Kinetics and Mech- .;ism involved

2 tne Hydrogen Keduction of Metal rlalide Vapors', Final Report to Offizc of
Owrdnance Resezrch, Contract No, DA-19-020-ORD-3760 (January 31, 1958},

Momencliture

- e tor diffusion, fté
- expeneat on surface area tevm
a consiant, ndependent of temperature
- cylinder or filament diameter, ft
- bult diameter, ft
- inlet diameter, ft
- diffusivity, ft%/hr
- fractional conversion at equilibrium
- activation energy, kcal/g-mole
- a constant, 2,718
- feed rate, lt/hr
frea energy, keal/g-miole
- mass-transfer coefflicient, lb-moh/{ht){ftz)
- reaction ratc constant for carbon depositica, IL-K/(aim)n(ftz)a” (hr)
- reaction rate constant for molybdenum pentachloride reduction, ft3/lb-mole/hr
- length of reaction surface or cenduit, ft,
- molecular weight of deposit, 1b/;b-mole or

- molecular weight of feed, lb/lb-mole

- Schintdt rumber of gas Gﬁ

partial-pressure exponent

i
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Darteal presoare of circonam tetraiodide, atm
perddal pross e ot hvidrocas boa, atm
£ vastot, aun- 3/ - mole-K, or kcal/g-mcle-K

Neens B agen ratio
ctadias ot .+ cyilindrical deposition surface, ft

oy sdiis of an anaular section, {t
threald radius of a cylind.ical deposition surface, f1
tinal rudius oi a cylindrical deposition surface, ft
SUrlace area ol particles, f1é
surlace arva of buib. (té
total surface arca, fté
system temperatare. K
flow velocity, ft/hr
ircrease in moles of gas per mole of fved as a result of reaction
rote of depesition, lb/hr
ratio ot mular flow rates
effeciive mole fraction of diffusing componen;
cctual mole fraction of diffusing component
mole {raction of molybdenum peutichioride
distance through which diffusion wce 1rs, ft
fractional conversion ol feed
diffusion posential

rrickness of purous screen, ft
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